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General Introduction 
Introduction 
The natural material wood has served mankind for centuries as a construction 
material, a medium for communication and artistry, a fuel, a chemical feedstock, and 
even a subject of political discussion.  Current trends toward conservation and 
sustainability ethics are seemingly at odds with the ongoing surge in human 
consumption of wood in its many forms.  For this reason what had once been 
considered wood waste is now seen as a potential product or feedstock.   
Natural fiber-plastic composites are materials that incorporate thermoplastic 
resins with fibrous plant-based materials, sometimes referred to as biomass.  Pine 
wood waste from milling and processing operations has been the traditional source 
of natural fibrous feedstock.  As production of these composites increases, as a 
result of improved material properties and production conditions, the availability of 
suitable pine wood waste has come into question.   
In anticipation of a waste wood shortage other fibrous biomass materials are 
being investigated as potential supplements or replacements.  Perennial grasses, 
agricultural wastes, and other woody biomass are among the potential source 
materials.  As these feedstocks share the basic chemical building blocks; cellulose, 
hemicellulose, and lignin, they are collectively called lignocellulosics. 
Within this category of lignocellulosics there is still a great diversity of 
characteristics from chemical composition to physical properties [1, 2, 3].  Initial 
investigation of  a number of lignocellulosic materials, applied to fiber-plastic 
composite processing and material testing, resulted in varied results [4, 5].  One 
particular difference amongst these materials was demonstrated in their response to 
the energetic conditions of temperature and shear that are required to blend the 
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distinct fibrous and thermoplastic materials.  Less thermally stable lignocellulosic 
filler materials were physically changed in observable ways.  Most of these materials 
darkened in color as they were thermo-chemically degraded [4].  A strong odor was 
even generated from some of these lignocellulosic fillers as a result of thermal 
degradation. 
These observations were the impetus for the research described in this 
dissertation.  In an attempt to discern whether or not the chemical composition of 
biomass materials affects their thermal stability, an initial experiment involved 
determination of the chemical composition of seven lignocellulosics: corn hull, corn 
stover, fescue, pine, soy hull, soy stover, and switchgrass.  These materials were 
also evaluated for thermal stability by thermogravimetric analysis.  The results of 
these determinations indicated that both chemical composition and pretreatment of 
lignocellulosic materials can have an effect on their thermal stability. 
Based on the finding that extraction pretreatment can affect thermal stability, 
a second study was performed to investigate what effect, if any, different 
pretreatment systems have on hybrid poplar, pine, and switchgrass.  These 
materials were treated with hot water, ethanol, and a 2:1 benzene/ethanol mixture 
for extraction times of: 1, 3, 6, 12, and 24 hours.  This factorial experiment 
demonstrated that both extraction time and medium have an effect on the weight 
percent of extractives removed from all three material types. 
The extracted materials generated in the above study were then subjected to 
an evaluation of thermal stability by thermogravimetric analysis in a subsequent 
experiment.  Overlay plots, combining individual weight loss curves, demonstrate 
that the experimental factors, solvent system and extraction time, produce effects on 
the thermal stability of the treated biomass samples.  These data also indicated that 
the individual lignocellulosic materials had unique responses to the type of solvent 
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used for pretreatment.  Increasing extraction time had either no correlation with or a 
positive effect on thermal stability of the biomass samples. 
This research represents a preliminary investigation into the factors that 
contribute to the ability of lignocellulosic materials to resist thermal degradation 
during natural fiber-plastic composite production.  Chemical composition has been 
demonstrated to contribute to thermal stability.  In particular, removal of hot water, 
ethanol, and benzene/ethanol extractives correlates with generally improved thermal 
stability.  Further investigation of the quantitative impact of these chemical moieties, 
as well as other physical or structural factors, is warranted.    
Dissertation Organization 
The text of this dissertation is divided into two principal sections: the literature 
review followed by research description and analysis in the form of journal papers 
prepared for submission.  Prior to the literature review there are preliminary pages 
containing tables of contents, figures, and tables.  Following the journal papers there 
are appendices containing raw research data, additional figures, and statistical 
analyses.   
The first three chapters of literature review in this dissertation cover the types 
of lignocellulosic materials investigated in this doctoral research project.  
Subsequent literature review chapters cover fiber-plastic composites and thermal 
degradation, a specific limitation that lignocellulosics have as composite feedstocks. 
The final three chapters of this dissertation are presented in the form of 
journal articles.  They present the experiments, results, analysis, and conclusions of 
this doctoral research. This work was an  investigation of the relationship between 
the chemical composition and thermal stability of fibrous lignocellulosic materials.  
These papers have not yet been submitted for publication.   
 4 
 
References
                                            
[1] Wiselogel AE, Agblevor FA, Johnson DK, Deutch S, Fennell JA, Sanderson MA. 
Compositional Changes During Storage of Large Round Switchgrass Bales. 
Bioresource Technology 1996;56:103-109. 
 
[2] Lee D, Owens VN, Boe A, Jeranyama P. Composition of herbaceous biomass 
feedstocks report from Sun Grant Initiative 2007 SGINC 1-07. 
 
[3] Bridgeman TG, Darvell LI, Jones JM, Williams PT. Influence of particle size on 
the analytical and chemical properties of two energy crops. Fuel 2007;86:60-72. 
 
[4] Stokke DD, Kuo M, Curry DG, Gieselman HH. 2001. Grassland 
Flour/Polyethylene Composites.In: Proc. of the Sixth International Conference on 
Woodfiber-Plastic Composites. May 15-16, Madison, WI. Forest Products Society, 
Madison, WI pp. 43-53. 
 
[5] Julson JL, Subbarao G, Stokke DD, Gieselman HH, Muthukumarappan K. 
Mechanical Properties of Biorenewable Fiber/Plastic Composites. Journal of Applied 
Polymer Science 2004;93:2484-2493. 
 
 5 
Literature Review 
Chapter 1: Switchgrass as a Perennial Herbaceous Biomass Crop 
 
 
Introduction 
After extensive investigation of herbaceous crops, switchgrass (Panicum 
virgatum) has emerged as a promising species for biomass production.  Based on 
longstanding domestic and international research efforts, focused on biomass 
production for energy, there is a wealth of data on which the choice of suitable crops 
can be made.  These investigations included such topics as: yield, adaptability, 
chemical composition, suitability for applications, and environmental impacts of 
herbaceous biomass crops.  
In 1978, just five years after the oil embargo by the Organization of the 
Petroleum Exporting Countries (OPEC), the United States Department of Energy 
(DOE) established a program to develop biological feedstocks for energy production 
– now commonly known as bioenergy.  The Herbaceous Energy Crops Research 
Program (HECP) was established in 1984, initially studying a total of 35 potential 
crops.  Out of the eighteen perennial crops first investigated switchgrass was 
selected as the native grass “which showed the greatest potential” [1].  
Over the same time period, European researchers narrowed the field of 
herbaceous biomass crops to four primary perennial grass species: Miscanthus 
(Miscanthus spp.) [2, 3], reed canarygrass (Phalaris arundinacea), giant reed 
(Arundo donax) [4, 5], and switchgrass [6].  Reed canarygrass and giant reed are 
European species; Miscanthus is native to Southeast Asia.  Based on its chemical 
and biological characteristics, switchgrass has become a species of increasing 
interest in Europe as a biomass crop.  
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Based on the findings of the HECP, a new DOE effort entitled the Bioenergy 
Feedstock Development Program (BFDP) initiated switchgrass research in 1990.  
This program was established to rapidly achieve maximal output of switchgrass as a 
“model” crop system.  Lewandowski et al. [7] listed some of the biological and 
agronomic criteria invoked for the selection of switchgrass as a model.  It is a native, 
perennial grass that can thrive on poor agricultural land over a range of 
environments.  Switchgrass is highly adapted to efficiently utilize moisture and soil 
nutrients, and can even improve soil and environmental quality.  Current farming 
practices and conventional seeding, management, and harvesting can be applied to 
switchgrass production.  Finally, switchgrass demonstrates the greatest potential for 
annual yield of dry biomass.  
Much of the research, both past and present, has focused on switchgrass as 
an herbaceous crop that will be converted to energy.  Combustion and co-firing with 
coal are means for converting switchgrass, or any biomass for that matter, to 
thermal or process energy.  There are a number of other thermochemical, chemical, 
and biochemical processes that can be applied to the conversion of switchgrass to 
fuels or chemicals.  One of the primary products being investigated currently is fuel 
ethanol from biomass.   
In addition to energy applications, switchgrass has distinct possibilities as a 
fiber source.  There is a body of evidence that indicates dwindling sustainable fiber 
resources, worldwide, for pulp and paper manufacture.  Switchgrass may be part of 
the long-term solution to declining forest numbers.  Another growing materials sector 
that requires similar feedstocks is natural fiber-plastic composites.   
Fiber-based products are most closely related to this scientific work.  
However, there are no other dedicated herbaceous biomass sources in North 
America at this point.  Therefore, a well-reasoned and supported case must be 
 7 
made for the examination of any new source of biomass in paper or fiber-plastic 
composites.  What follows is an examination of a potential herbaceous biomass 
crop, switchgrass.  
 
Switchgrass Biology 
Native to North America, switchgrass belongs to the subfamily Panicoideae in 
the Gramineae family.  It has a natural geographic range from 55o N latitude south to 
central Mexico [8].  Millennia of evolution have fashioned a highly productive and 
adapted grass that uses water and soil nutrients efficiently.  Switchgrass also has 
characteristics that are suited for environmental maintenance or enhancement [9].  
Switchgrass has been cultivated widely as a complement to cool season forage 
crops since it has adapted for high productivity during the long, hot days of the 
summer months [9].  More recently, it has been cultivated internationally as a 
potential biomass crop.  Capacity for high yields, on marginal lands in warm season 
locations, acts as a primary impetus for this selection. 
Switchgrass as a perennial crop.  Switchgrass is a perennial rhizomatous 
grass (PRG) which makes it exceptionally suited to long-term, continuous biomass 
production.  Perennial grass species have distinct advantages over annual crops for 
biomass production.  These grasses exhibit favorable chemical compositions for 
both harvest and applications.  They also require fewer energy and chemical inputs, 
moreover, at reduced rates.  Switchgrass, as a perennial grass species, is an 
excellent candidate for biomass production for fiber, fuel, and material feedstocks.          
One benchmark for the production of herbaceous biomass is input 
minimization.  Chemicals in the form of fertilizers and transportation fuels are two of 
the major agricultural inputs for annual crops.  Perennial grasses require soil tillage 
only in the year of establishment whereas annual crops require at least one 
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treatment per year, and often receive more.  In fact, cultivation in row crop 
agriculture may reduce soil organic carbon by as much as 60% [10].  Moreover, 
cultivation and tillage expose soil organic carbon to the atmosphere.  This exposure 
may contribute as much as 2.7 million Mg of carbon to the atmosphere as a result of 
oxidation [11].  Finally, by reducing the amount of field applications, switchgrass 
production can whittle away at the 35 million Mg of carbon pumped into the 
atmosphere from agricultural fossil fuel emissions annually [11].   
In addition to reducing transport fuel consumption, eliminating tillage 
treatments can result in reduced soil erosion and a likely increase in soil carbon [12, 
13, 14].  Grasslands reduce soil erosion by intercepting precipitation, energy 
dispersion, increased infiltration and reduced runoff ,nearly eliminating sediment 
delivery [15].  Therefore, when grown for large-scale production, perennial grasses 
have the ability to reduce treatment inputs while decreasing negative environmental 
outcomes.    
Rhizomes are perennial grass root structures that naturally recycle nutrients, 
effectively reducing the need for fertilizer application [16, 17, 18].  However, 
application of nitrogen fertilizers is recommended for the establishment and 
sustained yields of switchgrass plantings [19, 20].  The required nutrients could be 
supplied by uncomposted municipal waste instead of synthetic fertilizers [21].  Such 
a development would simultaneously promote improved yields and decreased 
consumption of synthetic, petroleum-based fertilizers.      
Native perennial grasses evolved with the natural landscape, therefore they 
have few natural pests and require little or no pesticide application [22, 23].  Under 
the general heading of herbaceous energy crops, of which switchgrass is one, 
Hoenstein and Wright estimated up to a 90% reduction in pesticide application 
compared to traditional row crops [24].  Herbicides may be applied to aid in 
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establishment of switchgrass plantings, however, subsequent applications are rarely 
needed [23].  Reduction of any of these agricultural chemical inputs enhances the 
ecological character and economic viability of switchgrass as a biomass source.   
Switchgrass water utilization is efficient enough to allow for elimination of 
irrigation field treatments.  Switchgrass is a warm season grass that utilizes the C4 
photosynthetic pathway for production of tissue and sugars.  So named because 
carbon dioxide (CO2) is first converted to a four carbon compound, C4 
photosynthesis uses a combination approach to enzymatic transport and conversion 
of CO2.  Under high light conditions the “bucket brigade” approach individual 
enzymes PEP Carboxylase and RUBISCO take up and convert CO2 faster with 
better water use efficiency.  As opposed to a RUBISCO-only (C3) system, C4 plants 
take in CO2 faster.  Leaf stomata need to be open for shorter periods of time, 
therefore, less evaporative moisture loss occurs.  An added benefit is that RUBISCO 
is not allowed to contact atmospheric oxygen, thereby eliminating more loss of water 
by photorespiration.   
Conservation of available water enables switchgrass to produce biomass 
despite precipitation fluctuations and drought conditions.  Additionally, drought 
resistance reduces the need for re-establishment, a key feature for herbaceous 
biomass crops.  Finally, species exhibiting the C4 pathway have the potential for 
greater yield in warm and temperate regions than C3 species and woody biomass 
crops [25].  Therefore, drought tolerant adaptations make switchgrass desirable for 
production purposes.    
Compared to chemical and energy inputs, the output from herbaceous crops 
is equally important when selecting species for dedicated biomass production.  
Perennial grasses have higher lignin and cellulose content than annual crops [7].  
Having these structural species in larger quantities enables switchgrass to remain 
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upright in the field at low moisture content.  Benefits include: wider harvest window, 
lower feedstock drying costs, and the potential for ash removal by leaching.  The 
feedstock attributes associated with carbon content, embodied in lignin and 
cellulose, is covered in this chapter under the headings of chemical composition and 
applications.       
Ecological adaptability of switchgrass.  Switchgrass can be successfully 
cultivated throughout much of the North American landscape.  It is well adapted to a 
wide range of geographical and environmental locations that have a suitable warm 
season [26].  It has adapted to a wide variety of soil types, from sand to clay loam, to 
shallow rocky soils.  Soil pH values varying from 4.9 to 7.6 can support switchgrass.  
When compared to other potential herbaceous biomass crops, switchgrass 
demonstrated the best ability to be established over a range of environments [27, 
28, 19]. 
In addition to aforementioned physiological factors, switchgrass has genetic 
variability that promotes production even on marginal land.  Varieties can be 
separated into upland and lowland ecotypes.  Lowland ecotypes have adapted to 
mesic prairie conditions while upland varieties are better suited to warmer, more 
drought-prone, locations [23].  These varietal specializations can be harnessed by 
selecting for maximum yield on a given site.  Furthermore, it has been demonstrated 
that selective breeding is a possibility for yield improvement [29].  Therefore, the 
natural adaptability of switchgrass may be enhanced for even greater herbaceous 
biomass characteristics in the future.   
Environmental issues associated with switchgrass production.  Biomass 
crops represent an opportunity to generate beneficial environmental changes.  
Shifting from resource-limited coal, oil, and natural gas to renewable and more 
sustainable sources are just some of the benefits of biomass production.  These 
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crops have the inherent ability to improve soil, air, and water quality.  When 
compared to current annual crops, biomass species can also contribute to local 
improvements in biodiversity.  Finally, these crop systems can thrive on and stabilize 
marginal agricultural land.     
Although the issue has not been settled scientifically, switchgrass has the 
potential to enhance species diversity.  Typically, production of monoculture crops is 
expected to suppress biodiversity.  However, perennial grasses have the potential to 
increase abundance and diversity in bird, mammal, and insect species when 
compared to conventional grain crops [30, 31].  Roth demonstrated that both 
standing and harvested switchgrass plantings provide habitat for prairie bird species 
[32].  More evidence confirming these findings would emphasize that switchgrass 
production, as a compromise between grassland restoration and agricultural 
production, holds great ecological potential.    
Cannell has estimated that energy cropping could contribute to a realistic 
reduction in carbon emissions of 1000-2000 Mt per year between 2050 and 2100 
worldwide [33].  This is achieved through atmospheric carbon dioxide capture by 
biomass or bioenergy crops.  Captured amounts typically match those released 
through combustion, resulting in a carbon neutral fuel [34].  There is reason to 
believe that over time carbon will be captured on a scale that actually sequesters 
atmospheric CO2 [35]. 
Switchgrass is a tall perennial C4 grass.  Stem height can reach 3 meters in 
the Southern U.S. with root depth up to 3.5 meters [36].  Liebig demonstrated that 
from 30-90 cm below ground switchgrass stores greater amounts of soil organic 
carbon than row crops in the U.S. upper Midwest [14].  Similar results have been 
found in other parts of the U.S. [13, 37, 38, 39].  In the case of switchgrass, further 
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CO2 sequestration would be facilitated by the extensive below-ground root biomass 
component. 
The same biological structures that allow switchgrass to accumulate 
atmospheric carbon also contribute to reduction of erosion and runoff.  Soil nutrients 
and organic matter are preserved on arable land by diminishing runoff due to surface 
water.  One estimate was a 95% reduction in erosion rates compared to traditional 
row crops [24].  Additionally, agricultural chemicals are kept land-bound rather than 
conveyed to rivers, streams, lakes, and groundwater [39, 40, 41].  Hence, 
switchgrass plantings can have a positive impact on both air and water quality. 
Finally, switchgrass also carries with it the advantage of being a native 
species.  As a result of intentional and accidental release of exotic, invasive plant 
species in North America there are concerns of unchecked expansion of single 
species in ecosystems.  Switchgrass has developed as a native grass species and 
has been converted to pasture and conservation plantings.  These controlled, 
beneficial applications should mitigate concerns associated with invasive species 
[42]. 
Switchgrass has physiological and ecological features that have the potential 
to positively address some of society’s concerns about the natural environment.  
This is a crucial component for considering it as a tenable dedicated biomass 
feedstock crop.  A shift towards perennial grass agriculture may not solve every 
feedstock and environmental issue, but it has promise of a step in the right direction 
on both counts. 
Switchgrass biomass yields.  Acceptable yields are paramount for 
dedicated biomass crops.  In order to be considered as a feedstock for material, fuel, 
or energy production there must be assurances that the raw materials will be 
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abundantly and continuously available.  This basic criterion has led to a great deal of 
yield assessment studies for switchgrass. 
Going back to the 1970’s and 1980’s a wide spectrum of crops, considered 
for biomass production, have been investigated.  Perennial grasses demonstrated 
good application and yield potential.  When compared to other potential biomass 
feedstocks switchgrass performs well [7].  Yield data from the literature for perennial 
grasses is given in Table 1.  Based on this data and other findings switchgrass was 
identified as a species of great potential. 
 
Table 1: Yield Data for Perennial Grasses. 
Common name Latin name Photosynthetic 
Pathway 
Yield  
(t DM/ha/a)a 
Source 
Crested wheatgrass Agropyron desertorum C3 16.3 43 
Big bluestem Andropogon gerardii C4 6.8-11.9 1, 43 
Smooth bromegrass Bromus inermis C3 3.3-6.7 27 
Bermudagrass Cynodon dactylon C4 1.0-1.9 44 
Weeping lovegrass Eragrostis curvula C4 6.8-13.7 28 
Tall Fescue Festuca arundinacea C3 3.6-11.0 27 
Switchgrass Panicum virgatum C4 0.9-34.6 45 
Napiergrass Pennisetum purpureum C4 22.0-31.0 19 
Reed canary grass Phalaris arundinacea C3 1.6-12.2 46 
Timothy Ohleum pretense C3 1.6-6.0 27 
Energy cane Saccharum spp. C4 32.5 19 
Johnsongrass Sorghum halepense C4 14.0-17.0 19 
Eastern gammagrass Tripsacum dactyloides C4 3.1-8.0 45 
t = Mg     
 
The BFDP at Oak Ridge National Laboratory evaluated nine switchgrass 
varieties for yield.  These investigations resulted in a range of 16-22 tons of dry 
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matter per hectare (t DM ha -1).  Similar three-year yields were reported for different 
varieties in southern Iowa from 1998 to 2001 [47].  These findings are similar to the 
data given in Table 2.  Based on high yields for bioenergy production the best 
candidates are: ‘Alamo’ in the south, ‘Kanlow’ for mid-latitude states, and ‘Cave-in-
rock’ for the central and northern states [8, 26].  Cave-in-rock is adapted to drier 
upland conditions and shorter growing seasons, whereas Alamo and Kanlow have 
adapted for lowland ecotypes with somewhat later maturity dates [48]. 
Sustainability is another concern for dedicated biomass crop yields.  
Reliability of year-to-year harvests is essential in order to provide continuous 
feedstocks, especially for temperate herbaceous crops with limited growing seasons.  
Recent data from one long-term study suggests that switchgrass yields, under 
proper management, can be maintained for at least 10 years [49].  This is on the 
same time scale as a single rotation of hybrid poplar trees.  Therefore, we have 
evidence that switchgrass would not need to be reestablished any more frequently 
than other potential biomass crops.   
 
Table 2: Switchgrass Variety Yields from Different Areas in the U.S. 
Location Variety Annual Yield Range 
(t DM/ha/a)a 
Source 
Indiana Cave-in-Rock 8.8-19.8 17 
North Dakota Sunburst 10.8-13.4 50 
 Trailblazer  10.0-11.9  
Georgia Alamo 17.7-17.9 50 
 Kanlow 17.1-17.5  
Alabama Alamo 11.5-17.4 50 
 Kanlow 9.1-17.4  
Texas Alamo 11.8-21.5 50 
t = Mg    
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Physical Properties of Switchgrass Biomass 
Switchgrass, as an herbaceous biomass feedstock, has unique plant, tissue, 
and cellular morphology when compared to agricultural residues and woody 
biomass.  The above-ground biomass is composed of stems, leaves, and seed 
heads.  Seed head, leaf, and stem tissues are composed of distinct cell types that 
have varying utility in biomass application. 
The cell morphology of switchgrass seed heads, or panicles, change 
throughout the growth cycle.  From fluorescence to seed production panicles are an 
open array of spikelets that support the flower and subsequent reproductive tissues.  
Combined, these cell types are composed of a heterogeneous mix of carbohydrate 
and lipid chemicals.  Due to the difficulty in separating and isolating the components 
in this mix the primary applications for such tissue are combustion or 
thermochemical conversion. 
Switchgrass leaves have two major tissue components, sheaths and blades.  
Both of these tissues contain the same cell types.  However, because sheaths have 
the added function of supporting the blade tissue the cell characteristics are slightly 
different.  Both sheath and blade tissues are photosynthetic and therefore contain 
chloroplast cells.  The rest of the tissue is composed largely of vascular cell bundles, 
bundle sheath cells, fibers, and epidermal bulliform cells [51].  All of these have 
lignocellulosic cell walls that can be utilized in nearly any biomass application. 
The elongated stem, or culm, of switchgrass is also divided into two tissue 
types, nodes and internodes.  Nodes and internodes are composed of lignified 
storage, support, and conductive cell types.  Of the three aboveground elements for 
switchgrass the stem has the longest fibers with the greatest concentrations of 
sugars, lignin, and polysaccharides [52, 53].  Accordingly, of the morphological 
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elements from switchgrass, the stem material has the greatest potential for fiber, 
biochemical, thermochemical, or combustion applications. 
 
Switchgrass Chemical Composition 
The chemical composition of lignocellulosic materials can dramatically affect 
their suitability for applications or conversion technologies.  Biomass is distinct from 
some other material or fuel feedstocks in that there can be a great deal of variability.  
Tissue and cell morphology, as well as chemical makeup, can vary within and 
between varieties, plantations, and individual plants.  Harvest date, transport, and 
storage can also affect the composition of lignocellulosic materials before they are 
utilized.    
Switchgrass, as a perennial herbaceous biomass crop, is characterized by 
unique and variable chemical composition.  It does consist of the same basic 
molecular components as other biomass species.  Some of the specific components, 
as well as component ratios, are distinct for switchgrass when compared to 
agricultural residues or woody biomass. 
Like all other plant-based biomass, switchgrass is composed of the structural 
polymers cellulose, hemicellulose, and lignin.  The main non-structural components 
of switchgrass are ash and extractives.  The former describes all-included inorganic 
materials in the plant tissue.  The latter is a collective term for a suite of low 
molecular weight organic compounds.  Combined, these chemical constituents and 
their relative abundance are what determine the physical properties of switchgrass in 
application. 
Cellulose and hemicellulose are structural polysaccharide molecules.  These 
are chain-like molecules built up from individual 5 or 6 carbon carbohydrate units, or 
monosaccharides.  The term carbohydrate is a reference to the fixed ratio of carbon 
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to hydrogen in their structures.  Molecules of these related chemical structures 
represent over 50% of the dry mass for switchgrass biomass.   
Cellulose is the chief structural component of switchgrass.  Correspondingly, 
the literature indicates that it accounts for roughly 1/4 to 1/3 of the total dry mass of 
switchgrass [54].  Cellulose is a long chain, linear polymer composed of linearly 
linked, cyclic anhydro-glucose molecules.  Glucose is a six-carbon sugar molecule.  
In plant tissues cellulose molecules can be arranged in crystalline or amorphous 
configurations.  These molecular aggregations impart the respective stiffness and 
flexibility required for most plant stems.  Cellulose is chemically inert in most 
environments, giving plant tissues a generally stable character.    
Hemicellulose is a term that describes a group of branched polysaccharides 
that have similar structures and serve similar purposes.  Hemicelluloses are often 
branched polymers composed of five and six carbon sugar units.  These molecules 
are also shorter in length than cellulose.  Based on these characteristics, 
hemicelluloses serve less of a direct structural purpose and predominantly contribute 
to increase the mechanical interaction between cellulose and lignin.  In this capacity 
hemicellulose represents roughly 1/4 of the dry mass of switchgrass [54].         
Lignin is an amorphous polymeric material that binds the rigid cellulosic 
component into a mechanically versatile bio-composite.  The basic building block of 
lignin is a conjugated ring, phenyl propane unit.  These molecules are 
interconnected by a number of inter-unit linkages.  This less organized structural 
arrangement causes lignin to be more difficult to isolate from biomass tissues.  
Accordingly, there are a number of methods for determining the amount of lignin in 
plant material.  These methods are more thoroughly discussed in the chemical 
analysis chapter of this dissertation.  Each of these methods is suited to isolate 
different lignin fractions or a combination of lignin and other minor chemical 
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components of biomass [55, 56, 57, 58, 59, 60].  As a result of these different 
approaches to lignin determination, the literature indicates a range of values for 
lignin content in switchgrass from less than 10% to more than 20% [54].         
Inorganic contents of biomass are labeled under the inclusive term ash.  Like 
most forms of lignocellulosic biomass, switchgrass ash content is relatively low.  
Most of the literature indicates less than 10% ash content and usually in the range of 
3-5% [54].  
Ash content in biomass can have a negative impact on thermochemical 
conversion to energy, fuels, or chemicals.  Ash can affect direct combustion of 
biomass by contributing to the formation of fusible ash.  Char formation during 
conversion by pyrolysis can be degraded if ash exceeds a threshold amount in 
feedstock biomass [61].  Further, pyrolysis oils from high ash feedstocks tend to 
contain elements that, upon combustion, can damage generator turbines.  High ash 
biomass can also impede biochemical conversion.  The alkaline nature of ash could 
consume a disproportionately high amount of the acid used as a biomass 
pretreatment in some conversion schemes.         
Extractives are comprised of a wide range of chemical constituents in 
biomass.  Compared to other biomass feedstocks, switchgrass contains a rather 
high proportion of extractable materials.  Results in the literature indicate 10-20% of 
switchgrass contents are attributable to extractives [54].   
Extractives can have marked influence on conversion applications.  In the 
case of thermochemical conversion of herbaceous biomass, extractives don’t have a 
significant influence on product properties.  However, some extractives are 
potentially toxic to microorganisms which would negatively influence the biochemical 
conversion to liquid fuels.  Complicating matters further, attempts to remove 
extractives can result in reduction of feedstock sugars from the biomass [62].  
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Therefore, the quantity, scope and nature of extractive chemical compounds in 
switchgrass can significantly influence its utility as a biomass feedstock.    
It should be pointed out that a broad spectrum of chemical analysis for 
biomass chemical composition has been applied in the literature.  Some analysis 
was done to determine the quality of switchgrass as a forage crop for ruminants.  
Other techniques were employed to gauge the elemental composition of switchgrass 
biomass for combustion purposes.  Still other investigations were carried out to 
discern the specific molecular character of switchgrass for broader biomass 
applications. 
One result of these disconnected determinations is a degree of confusion and 
disagreement in the cannon of switchgrass chemistry literature [54, 63].  Efforts have 
been made to formalize biomass chemical characterization, but to date there are no 
consensus conventions [54, 64, 65].  Therefore, individual literature data are 
presented as ranges when necessary in Table 3. 
Table 3: Compositional Ranges for Switchgrass Chemistry.a 
Cellulose Hemicellulose Lignin Ash Extractives Sources 
29.2 34.2 6.6 1.2 16.7 17 
31.98 25.19 18.13 5.95 17.54 66 
25.8-39 27.2-32 6.8-10.2 3.1-6.9 ________ 63 
27.3-38 24-31 13.3-17.3 5.7-8.9 1-1.6 67 
43.4 35.9 22.4 1.7 1.1 52 
36.1 31.6 6.1 6.1 ________ 47 
39 ________ 30 4 ________ 53 
43.4 35.9 21.8 1.5 1.6 68 
43.6-51 41.7-49.6 4.0-8.6 ______ ________ 69 
a Data given as weight percent.  
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Harvest date can have significant influence on the chemical composition of 
switchgrass.  A study by Grabber indicates that all of the structural polymers change 
in concentration throughout the growing season [47, 70].  Proportionally, cellulose 
and hemicellulose diminished as the season advanced.  Conversely, lignin evinced a 
marked increase in relation to total dry mass over the growing season.  A similar 
result for lignin was found in a forage analysis done by Jung [69].  In a related study 
Sanderson demonstrated that, in addition to structural polymers, ash content also 
changed.  Total ash, and specifically potassium, concentrations fell as the season 
advanced [71].  This is in agreement with some other results [26], and contradicts 
others [72].  Similarly, nitrogen content varies with harvest date as well [72, 73].  
Based on these findings, earlier harvest dates would benefit most of the biomass 
feedstock characteristics.  
Most herbaceous species grown as feedstocks are limited to one or two 
discrete harvest periods per year.  This limitation implies that storage of biomass for 
fuel, chemical, or material feedstocks is essential to allow continuous year-round 
production.  The most, and maybe only, economically viable method for storage of 
these materials is in outdoor aggregations with little or no protection from the 
elements.  If switchgrass is stored in such a fashion there would likely be 
measurable changes in total dry biomass as well as adjustments in the relative 
amounts of chemical components.  These changes could result in reduced economic 
performance either from loss of feedstock or due to production adjustments brought 
on by variable feedstocks.  However, some alterations to the biomass chemistry 
could be favorable for specific applications.  The compositional diversity of 
switchgrass biomass does not lend itself to such informal pre-treatment.  Further 
complicating matters is the fact that material and chemical alterations can be 
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produced by a number of mechanisms which include: leaching, degradation from UV 
light exposure, physical erosion, and fungal or microbial degradation.   
Storage of switchgrass can significantly alter its chemical composition [74, 75, 
76, 77].  Switchgrass grown in the state of Texas demonstrated the effect that year-
to-year condition changes impart on harvested and stored grasses [54].  In this case, 
exposure to the elements, particularly rain and snow, has been shown to reduce 
carbohydrate content during storage.  Similar studies have demonstrated loss of a 
significant fraction of structural polysaccharides resulting from storage without 
protection for a duration of nine months [78].  For nearly all applications this 
represents a degraded feedstock in terms of net biomass yield, energy content, and 
structural integrity.     
Another group of components affected by unsheltered storage are the non-
structural extractive species [54].  These chemical groups can inhibit biological 
conversion, therefore fermentation operations may benefit from the effects of 
storage.  Conversely, thermochemical conversion or combustion efforts would be 
negatively affected as there would be a net loss of carbon-containing components in 
the biomass.  For material feedstocks in paper or composites there is evidence that 
the reduction of extractives would improve fiber surface chemistry for covalent or 
secondary bonding thereby adding value to the material [79].  Finally, some 
extractive species have inherent value and can be separated for distinct markets 
[80].  Loss of these extractable species represents a loss in biomass value.  Some 
applications would benefit from losses of extractives due to storage conditions, 
however, in most cases this effect creates a degraded feedstock.     
Inorganic ash is also susceptible to change due to storage conditions.  In a 
study by Wiselogel there were diverging results for individual ash species [54].  The 
relative proportions of silica and calcium increased due to loss of organic 
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components to biological degradation or water extraction.  Conversely, leaching 
diminishes potassium and phosphorous contents upon storage.  For most 
applications the biomass characteristics are improved as the components that 
contribute to ash diminish [9, 81]. 
 
Applications for Switchgrass Biomass        
Switchgrass is a lignocellulosic biomass crop that has a host of potential 
large-scale production applications.  Combustion or co-firing of switchgrass can be 
used to generate process steam or electricity.  Other energy needs may be met 
through the chemical, biochemical, or thermochemical conversions to stationary 
power or transportation fuels.  The same general technologies can be implemented 
to convert switchgrass biomass to chemical building blocks or specialty reagents.  
Finally, as a fiber source, switchgrass can be applied in papermaking or composite 
materials.  These and other markets for biomass feedstocks can promote and 
sustain a paradigm shift to industrial grassland agriculture.   
Sugar conversion to liquid fuels.  The U.S. Department of Energy’s 
biomass program has, as one of its major elements, the sugar platform.  Conversion 
of biomass cellulose and hemicellulose into their component sugars is the first step.  
Subsequent processing by biochemical conversion can produce methanol, ethanol, 
and potentially even chemical reagent molecules.  Conversion of sugars to alcohols 
in the second phase is accomplished by fermentation, a long-standing, mature 
technology.  Currently, methods for achieving the first step of hydrolysis are being 
developed to liberate individual sugar molecules from biomass [82, 83].  Chapter six 
of this dissertation is a review of hydrolysis and other pre-treatments for biomass.  
Thermochemical conversion to fuels or chemicals.  The DOE’s biomass 
program also has a thermochemical platform emphasizing high temperature 
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conversion technologies applied to biomass.  Gasification and pyrolysis are the two 
phenomena getting the most focus for thermochemical processing.   
Pyrolysis is a high temperature (400-600oC) degradation process, carried out 
in the absence of oxygen, that converts biomass to solid char along with gas and 
liquid decomposition products.  Depending on the process conditions the ratios and 
compositions of the solid, liquid, and gas products can be modified.  Liquid pyrolysis 
products can be refined to functional chemical groups or stationary and 
transportation fuels.   
Gasification is another high temperature (750-850oC) process, carried out in 
low or no oxygen conditions, wherein biomass is converted to low molecular weight 
gases including carbon monoxide (CO), hydrogen (H2), and CO2 collectively known 
as synthesis gas or syngas.  Gasification is an extension of pyrolysis in that it 
degrades all of the liquid product to gas species.  In the presence of steam and air 
the gas mixture can be expanded to include nitrogen (N2) and methane (CH4).  
These gases can either be burned for energy production or converted to chemical 
building blocks in the presence of specialized catalysts.      
Switchgrass can be converted by either of these conversion technologies.  
Since pyrolysis does not fully degrade biomass the chemical composition of the 
feedstock will affect the product mix.  Specifically, ash content can catalyze 
degradation reactions.  Gasification does not discriminate based on the organic 
contents of biomass.  However, this approach is susceptible to high ash feedstocks 
because the reactor walls can be contaminated or corroded by ash byproducts in the 
reactor.  Switchgrass, having a low ash content, is an excellent candidate for both 
pyrolysis and gasification. 
Direct combustion for energy production.  Biomass can be directly burned 
to generate heat, process steam, or electricity.  Combustion is the rapid, self-
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catalyzed, oxidation of fuel – in this case switchgrass biomass.  Depending on the 
boiler parameters and the properties of the fuel, flame temperatures can reach 
2000oC.   
Biomass fuel properties are, however, the main impediments for direct 
combustion applications.  Specifically, elevated moisture content, ash content, and 
oxygen content degrade combustion efficiency.  The heating value of biomass is 
degraded by the amount of carbon-oxygen bonds it contains.  Hydrocarbon fuels 
have a thermodynamic advantage on this count.  Moisture in combustion typically 
decreases the heating efficiency of the process due to the energy required to 
vaporize and drive off bound water before pyrolysis is initiated.  Finally, ash content 
can cause the same problems for combustion as it does in gasification reactors.             
Switchgrass has some promise as a co-fired fuel.  In this application biomass 
is combusted with coal in industrial boilers.  Some of the disadvantages of biomass 
combustion are eliminated by the low oxygen, moisture, and ash contents of coal.   
The benefit of including switchgrass or other biomass is that it can cut federally 
regulated particulate and sulfur emissions.  Despite the associated reduction in fuel 
energy switchgrass can be a beneficial combustion fuel in specific emissions 
compliance applications.    
Fiber resource for paper or composites.  Switchgrass has been 
investigated in a number of natural fiber-based applications.  An anticipated wood 
fiber shortage has been a major impetus for alternative fiber investigation.  As a 
result switchgrass has been analyzed for inclusion in papermaking, composite board 
construction materials, and fiber-plastic composites. 
Since the late 1990’s there has been an interest in developing alternative fiber 
resources in North America.  Based in part on the positive indications from the 
HCEP and BFDP in the United States, switchgrass was investigated as a potential 
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fiber feedstock.  Chemical composition analysis determined that the contents of 
switchgrass were nearly identical to hybrid poplar, a short rotation woody biomass 
crop [53, 68].  Switchgrass fiber analysis indicated a rather broad range of fiber 
lengths; however, the maximum values were shorter than most hardwood 
papermaking fibers [53, 68].  Further investigation suggested that switchgrass fibers 
responded well to pulping and bleaching conditions [68].  Ultimately, switchgrass 
demonstrated properties that are well-suited for writing and printing paper 
applications. 
Another forest products sector that would suffer from a wood and fiber 
shortage is panel products.  Including flake, particle, and fiberboard products, this 
sector depends on low cost wood particulate materials for feedstocks.  Kuo et. al. 
investigated the possibility of incorporating switchgrass in fiberboard applications 
with soy and formaldehyde resins [79].  In these applications incorporation of 
switchgrass degraded the product’s mechanical properties.  One explanation for this 
effect is the surface chemistry of grass fibers.  Switchgrass epidermal cells contain a 
fatty substance called cutin which may interfere with fiber-adhesive bonding [79].  To 
date switchgrass has not been proven to be a suitable component for composite 
board products. 
Natural fiber-plastic composites are a relatively new product in the scope of 
forest products.  It is possible to improve some mechanical properties of 
thermoplastic resins by combining them with lignocellulosic fibers like wood, 
agricultural residues, or other herbaceous biomass.  Ground pine wood, or pine 
flour, has been the standard reinforcing material to date.  Concerns about wood and 
fiber availability in the future have led to investigation of other possible fiber 
feedstocks. 
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Switchgrass is one of the fiber sources that has been investigated as a 
suitable reinforcing material for thermoplastics.  Laboratory and pilot-scale 
experiments indicated that inclusion of switchgrass in polyethylene enhanced the 
strength and modulus properties in tensile and flexural testing [84, 85].  However, 
impact resistance was severely degraded with the inclusion of switchgrass particles 
[84].  These results indicate some degree of material improvement when 
switchgrass particles are incorporated into thermoplastic resins.  However, there 
were significant deviations in material behavior in an industrial mill trial of 
switchgrass flour in polyethylene.  Higher production temperatures produced smoke 
and objectionable odors when the switchgrass-polyethylene composite was injection 
molded [84].  This marked thermal degradation observation was the impetus for the 
experimental work documented in this dissertation. 
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Chapter 2: Forest Fiber Sources 
 
Introduction 
Wood has been, and continues to be, a pivotal resource in many aspects for 
humanity.  Specifically, wood has been the most basic resource for tools, structures, 
processed materials, and energy.  Through the centuries, the products for which 
wood is a feedstock have multiplied in scope and complexity.  This expansion of 
markets and demand has put more and more pressure on wood production in terms 
of economics and availability.  The drive to extract as much value and material from 
the timber resource springs directly from the growing demand for wood.  Recent 
responses have been to fractionate the tissues and even the chemical components 
of trees to create a number of products from a single resource. 
In a modern version of one of its first applications, wood is directly burned or 
combusted for heat or to produce steam for generating electricity.  In fact, a great 
deal of the wood used worldwide is for residential space heating and cooking [1].  In 
industrial practice, waste wood combustion is utilized for co-generation of steam, 
process heat, or electricity.         
Another longstanding use of wood is as a structural building material.  
Traditionally, structural forest products have come in the form of whole or sawn logs.  
More recent developments have introduced reconstituted structural products 
composed of wood chips, strands, or particles bonded together to form panels, 
planks, beams, and other molded forms.  These applications typically involve an 
abundance of wood components held together by synthetic or natural adhesives.  
Composites of this nature are usually formed by heated or ambient temperature 
presses that shape the material and bring the wood particles into contact with the 
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adhesive and each other.  As a result of these technologies continuous wood 
products can be produced in forms and sizes unattainable with solid wood. 
Even more recent developments incorporating wood and other naturally 
fibrous materials are fiber-plastic composites.  In this case thermoplastic resins are 
typically the matrix component and ground wood or other materials, often called 
flour, are incorporated as a reinforcing filler.  The plastic and wood are blended 
together above the melting point of the resin and can then be processed into a wide 
array of components or products.  Further information on fiber-plastic composites 
can be found in the composites chapter of this dissertation. 
On a smaller physical scale, but much larger production scale, paper is one of 
the largest markets for processed wood.  To produce paper wood is mechanically or 
chemically reduced to individual fibers or small fiber bundles in the process of 
pulping.  The further process of chemical bleaching can remove much of the natural 
color from wood fibers for white or lighter colored applications.  The fibers are then 
conveyed in a water suspension or slurry to a machine that forms it into a thin sheet 
then dewaters, presses, and dries the paper.  In combined pulp and paper facilities 
waste wood is burned to generate steam or process heat.  The Kraft pulping has a 
further benefit in the form of tall oil, a by-product that is composed of rosins, waxes, 
and other organic components that are separated from the wood fibers.  This blend 
can be separated and converted to a wide range of consumer products. 
In many ways papermaking was the first model for a concept recently coined 
“biorefinery.”  This term is based on the concept that biological materials, such as 
wood, can be introduced to a process that separates its component parts much like 
a petroleum refinery does for crude oil.  Many of the predicted models of future 
biorefineries incorporate chemical, thermochemical, and biochemical technologies 
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for converting biological material of recent origin, or biomass, to materials, fuels, and 
chemicals.    
Species from the genera Pinus and Populus are the focus of this review.  
Respectively, they represent long-standing and up-and-coming species, dedicated 
as forest feedstock resources for industrial-scale applications.  Biological, 
environmental, physical, and chemical aspects of these genera and how they relate 
to biomass applications will be covered in the following discussion.                           
 
Biology 
In terms of biomass capacity, species from the genus Pinus (pines) and 
Populus (cottonwood, aspen, and poplar) have exhibited great utility and promise 
respectively.  Both groupings have biological features that are suited to the current 
unrefined feedstock paradigm for dedicated biomass crops.  Both sets of species 
have been successfully grown in plantation settings further giving credence to their 
suitability as biomass feedstocks.  Finally, when combined, these species can be 
grown over a wide sweep of the U.S. landscape.  On this basis the grouping of 
western pine species and Populus species are considered in this work as potential 
biomass feedstocks.   
Several species in the pine or Pinus genus have been extensively utilized in 
the broad scope of forest products.  In the southeastern U.S. slash (Pinus elliottii) 
and loblolly (Pinus taeda) pines have been a mainstay feedstock for pulp and paper 
production.  In the western U.S. white (Pinus monticola), ponderosa (Pinus 
ponderosa), and sugar (Pinus lambertina) pines are used for lumber, window 
framing and millwork.  In all of these cases waste wood is generated.  It is this by-
product stream, especially from the western pine species, that will be examined in 
the course of this dissertation as a biomass raw material input.       
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The Populus genus includes cottonwood, aspen, and poplar as well as 
crosses of these species known commonly, and collectively, as hybrid poplars.  
These latter have been, and continue to be, the focus of a great deal of research 
and speculation.  As fast-growing hardwood species they have been developed as a 
feedstock for energy production.  So far, the results have been encouraging, but 
commercial application of hybrid poplar for “biofuel” has been limited.  Based on the 
potential distribution and yields for hybrid poplar plantation, these species will be 
investigated in this work as a potential biomass crop.  
Pine plantations have been established over many parts of North America for 
the production of timber and fiber resources.  Silvicultural practices have been 
developed for pest and competition reduction while at the same time improving 
survival and productivity of softwood seedlings and trees respectively [2, 3, 4, 5, 6, 
7].  Subsequent research has pointed out that although these treatments have 
practical value for good plantation management the long-term benefit to production 
volume may not be as significant as once expected [8].  Regardless, pine and other 
softwood plantations are a vital source of forest resources both currently and for 
years to come. 
 
 
 
 
 
 39 
 
 Figure 1: Projected Trends in the World's Forests and Human Population [9]. 
 
Environmental Issues 
Plantation forests are an answer to some current supply questions, however, 
they may be a more prescient answer to larger environmental issues.  Human 
population increases have put greater demands on timber resources.  The historical 
and predicted human population and forested land are represented as diverging 
lines in Figure 1.  This has already led to consumption that exceeds the natural rate 
of regeneration in some parts of the world [10, 11].  In the United States, a projected 
separation of demand for wood and available resources is depicted in Figure 2.  
More recent assessments correspond with these projections [12].  Short rotation tree 
plantations can provide much needed relief to the harvest pressures on worldwide 
forests.  Further, there is great room for expansion into the worldwide market as 
plantations supply roughly 12% of total wood consumption [1].   
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Figure 2: Projected Trends in Timberland and Roundwood Consumption in the 
United States [13]. 
 
The per capita demand for wood products will not likely diminish in the future, 
and in some cases it shouldn’t.  Wood represents a far smaller carbon footprint than 
other construction materials.  If used for equivalent purposes, wood releases 9-30 
times less carbon dioxide (CO2) than plastics, steel, concrete, bricks, and kerosene 
[14, 15].  Additionally, trees and forest soils absorb CO2 during the production of 
wood.   
Resources will either come from existing natural forests or plantation forests. 
Already, more commercial timber is produced in plantations (34%) than in old growth 
forests (30%), managed second-growth forests (22%), or minimally managed 
second-growth forests (14%) [16].  Harvesting trees from natural forests has 
 41 
negative political and scientific ramifications.  The process of tree harvesting 
negatively impacts existing flora and fauna.  Attendant road building affects long-
term ecosystem change.  Finally, there is emerging scientific evidence that natural 
forest soils exceed above-ground tree biomass for CO2 sequestration.  Disturbance 
of the forest ecosystem can result in release of soil carbon [17, 18]. 
This is not to say that plantation forestry avoids all potential environmental 
risks or problems.  Research in New Zealand indicated that during the conversion of 
pre-existing landscapes to plantations there are risks of degradation of erosion 
control and surface water quality [19].  Cannell reviewed concerns about water loss 
from plantation forests.  The conclusion drawn is that plantation forests do lose more 
water to the atmosphere than natural forests, and that conifer forests do so to a 
greater extent [20].  The phenomenon of soil and surface water acidification was 
also reviewed in this paper.  The transfer of atmospheric ammonia (NH3), nitric acid 
(HNO3), and hydrochloric acid (HCl) to the soil and surface can be enhanced by 
plantation trees [20].  This is mainly due to contact with low-lying clouds that are 
contaminated with acid rain pollutants.   
Moreover, there are fears about converting to monocultures with respect to 
biodiversity [21, 22, 23, 24, 25].  This is a significant concern; however, plantation 
forestry can be seen as a functional means to preserve biodiversity.  Natural forest 
ecosystems take decades or longer to develop.  Plantation forests can be 
established in years and harvested in decades or less.  Therefore, plantation forestry 
can replace the resource value of natural forests, leaving the existing biologically 
diverse ecosystem intact [20, 24, 26].  Additionally, it may be possible to manage 
plantation forests to provide suitable habitat for wildlife [27].           
If general sentiments can be changed in favor of plantation forestry then 
potential benefits await.  There is already a growing body of public and scientific 
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support for more development and improvement of plantations for greater and more 
sustainable production of forest products [28, 29, 30, 31, 32].  Increased 
environmental awareness and policy has the potential to produce a cascading effect 
in atmospheric carbon reduction.  Stainback demonstrated that CO2 markets would 
likely make it economical to manage plantation forests more intensively for improved 
biomass production [33].  The most significant change that would be allowed is the 
introduction or increase of fertilization.  Increased rates of fertilization have been 
demonstrated to elevate the soil organic carbon in plantation forests [34].  There is 
currently the opportunity to affect positive environmental change through science-
based policy. 
 
Physical Characteristics of Wood 
For centuries mankind has taken advantage of many of the distinctive and 
useful physical characteristics of wood.  Over the millennia trees have evolved to 
produce variable and versatile tissues.  The trees that these tissues come from fit 
into the angiosperm and gymnosperm subdivisions of the botanical division 
spermatophytes, which are seed-bearing plants.     
Angiosperms are fruit-bearing trees and are commonly referred to as 
hardwoods.  Most of the species in this category produce broad leaves that drop in 
autumn or winter.  The gymnosperm subdivision indicates that these trees produce 
naked seeds with no fruiting body for nourishment.  Gymnosperms are commonly 
called conifers in reference to their seed bearing structures.  The term softwood is 
often used for gymnosperm species in forest product literature.  Softwood and 
hardwood are traditional labels that do not necessarily indicate the relative physical 
hardness of their woody tissue.  In spite of this somewhat misleading distinction, the 
traditional softwood/hardwood nomenclature will be used for the balance of this 
discussion.      
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Looking at a standing tree there are at least two distinctive components, the 
crown and the trunk.  The woody tissues and fibers making up the stem and 
branches are the primary focus of this review.  As with an onion, one can 
successively “peel” away the layers of the stem, or trunk, to get to the actual wood 
tissues, or secondary (2o) xylem.  If the trunk is cut horizontally and viewed in cross-
section there is an outer layer of bark also known as cork.  Inside this rough exterior 
layer is a thin ring of 2o phloem tissue that conducts photosynthetic products from 
the crown downward.  Further inward there is a thin layer, several cells wide, of 
vascular cambial tissue.  The vascular cambium is the zone of active cell, or fiber, 
division.  Secondary phloem cells are formed on the perimeter of this active layer.  
The inner portion of the cambium generates all of the secondary xylem cells.   
Woody tissues.  Secondary xylem comprises the conductive, storage, and 
structural tissue that forms the majority of aboveground mass of trees known 
collectively as wood.  This tissue is composed of a collection of small cells or fibers.  
An array of different cell types have been developed by trees in order to perform all 
of the functions wood is responsible for.  Hardwoods and softwoods have evolved 
different cell types in varying distributions and arrangements to achieve these 
functions.   
It is often possible to differentiate hardwoods from softwoods, and even 
individual species, by the macroscopic character of wood.  The term macroscopic 
indicates features that can be seen without the aid of a microscope.  Examples of 
macroscopic elements are heartwood, sapwood and annual rings, and in some 
cases reaction wood.  All of these attributes are visible indications of the variability of 
cell types in both hardwoods and softwoods.    
Annual rings are an apparent demonstration of cell variability in both 
hardwoods and softwoods found in temperate regions.  These alternating bands of 
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wood result from growth rate changes over the course of growing seasons.  In cross 
section there is an evident change in the size of the center opening of each cell – the 
lumen.  The cell wall thickness also changes throughout an annual growth cycle.  
Rapid growth early in the growth cycle produces wide lumens and uniformly thin cell 
walls.  Tissue formed by the collection of open, thin-walled cells is called earlywood.  
Latewood is formed near the end of active growth.  In this tissue the cells transition 
to appreciably wider cell walls and narrow lumens.  Earlywood and latewood are 
distinct tissues that fulfill different biological functions and exhibit individual 
properties when wood is utilized.  
The distinction between heartwood and sapwood is another feature that can 
be observed macroscopically.  When a tree stem is viewed in cross-section there is 
often a darkened central region surrounded by tissue that is lighter in color.  The 
darker heartwood region is composed of fibers that are no longer physiologically 
active.  As the tree ages protective metabolites are transferred to and deposited in 
these fibers to act as prophylaxis against fungal decay or other biological attack.  
Heartwood color is associated with these accumulated chemical metabolites.  
Sapwood, on the other hand, is composed of living and senescing fibers.  These 
cells still carry out the functions of nutrient and moisture conduction as well as 
storage, respiration and digestion.  Sapwood to heartwood transition is observable 
macroscopically; providing visible evidence of the chemical and physiological 
differences of these tissues. 
Another set of tissues that can be identified macroscopically falls under the 
heading reaction wood.  These tissues are formed in response to a change in 
outside forces.  Changes in the gravitational pull on a branch or stem due to leaning 
will likely induce reaction wood.  Likewise some outside force such as prevailing 
winds or a fallen tree can promote the production of reaction wood. 
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Softwoods and hardwoods form reaction wood of different character and in 
opposite response to the outside force.  Softwoods form compression wood on the 
underside of a leaning tree or inside curve of a deflected branch.  A branch or stem 
viewed in cross-section typically exhibits widened annual growth rings on the 
compression side.  This tissue is formed from fibers that are considerably shorter 
with different chemical character than normal mature wood.  Dimensional stability 
upon drying is also poor for compression wood, especially along the long axis of the 
fibers.    
Hardwood species produce tension wood in reaction to changes in outside 
forces.  As the name indicates, tension wood forms on the outer curve of a bent 
branch or the upper side of a leaning stem.  Tension wood is harder to visually 
identify.  Even if it is identified, tension wood is typically located amongst normal 
fibers and tissues.  These cells are not well-suited for mechanical applications 
because of defects formed during sawing or drying.  However, the chemical 
composition of reaction wood is favorable for some conversion applications. 
 Another distinctive tissue not always distinguishable by direct observation is 
juvenile wood.  Juvenile, or crown-formed, wood is different from most average 
mature wood.  Cell morphology of juvenile wood is typically considered inferior to 
mature wood for fiber and forest products applications.  These fibers are, on 
average, shorter with thinner cell walls providing less dense, and therefore 
mechanically inferior, materials.  For some papermaking applications this set of 
qualities can be utilized to the benefit of a product [35].          
Branchwood represents a last set of fibrous tissues that can be utilized.  
Because of their greater surface-to-volume ratio branches have much more bark 
associated with them than stems.  The presence of bark tends to introduce 
contaminants such as dirt or inorganic debris potentially impacting subsequent 
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processing.  Branchwood in both softwoods and hardwoods is different in fiber 
composition than wood from the bole.  These fibers are generally shorter and 
arrayed in narrower rings than stem wood.  Branchwood has proven inferior when 
applied to some traditional forest products.  However, it may well serve as a filler 
material in thermoplastic composites. 
Wood cell types.  A macroscopic inspection of the tissues discussed above 
demonstrates that both softwoods and hardwoods contain a range of fiber types.  In 
cross-section softwoods appear more regimented and simple than hardwoods, 
which is in fact the case.  Softwoods contain a rather simple mix of cell types.  
Hardwood cross-sections reveal much greater complexity.  Evolution has shifted the 
contents of hardwood to a wider variety of specialty cells than the few generalists in 
softwoods.  The distinctive fiber attributes produced by the different species can 
have an effect on their suitability for post-harvest applications. 
Softwood cells.  Softwood secondary xylem tissues are an assembly of up to 
three different cell types.  All three cell varieties can be found in longitudinal and 
radial alignment.  Longitudinal fibers are aligned with the long axis of the tree stem.  
Ray cells line up perpendicular to the long axis of the tree stem in a radial or spoke-
like arrangement.  In either orientation these cells perform the same basic functions.  
However, from one orientation to the other their cell morphology may be slightly 
different.          
Making up the vast majority (90-95%) of these tissues are longitudinal 
tracheids.  Softwood tracheids are long, narrow fibers with a rectangular cross-
section.  Fiber lengths typically exceed width by a ratio of 100:1.  Average tracheid 
lengths are 3-4 mm while the fiber widths usually average 25-45 µm.  The central 
void, or lumen, runs the length of the fiber to the wedge-shaped end caps at the top 
and bottom.  Intercellular openings, or pits, in the cell wall can run up and down all 
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sides of a tracheid fiber.  Pit openings allow for the exchange of moisture, nutrients, 
and other elements between cells.  The shape and structure of cell pits can also be 
used to microscopically identify cells and tissues from unknown wood samples.   
The two other longitudinal cell types in softwoods are parenchyma and 
epithelium.  Parenchyma cells are thin-walled storage cells that account for about 
2% of overall wood volume in those species that manifest this cell type.  Epithelium 
are thin-walled, resin secreting cells that align to form the perimeter of resin canals 
in the softwood genera Pinus (pine), Picea (spruce), Larix (larch), and Pseudotsuga 
menziesii (Douglas-fir).  Resin canals are a useful anatomical clue for species 
identification.  Physiologically, these canals conduct the resin secreted by epithelial 
cells to heal areas of tissue damage or ward off insect attack.  The abundance of 
epithelium, and therefore resin canals, can actually increase in response to trauma. 
Ray cells are oriented in a radial arrangement, perpendicular to the 
longitudinal cells.  The primary distinction is that these cells transmit and store 
moisture, nutrients and resin across the thickness of a tree stem rather than up and 
down its height.   
Ray tracheids may be slightly shorter and narrower than the longitudinal 
versions.  In some species the cell wall will thicken to form cross walls in the lumen.  
Ray parenchyma can have thin or thick cell walls.  Thin walled parenchyma tend to 
exhibit no pitting, whereas thick walled cells are pitted for intercellular transfer.  Rays 
can include resin canals, and therefore horizontal epithelium, to conduct resin from 
juvenile wood to the vascular cambium.   
Hardwood cells.  Hardwood cell structures are more varied and perform 
more specialized functions than those in softwoods.  At least four different cell types 
are represented in angiosperms.  The relative abundance and distribution of these 
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cell types is linked to individual species.  Specialty cells perform individual tasks: 
conduction, support, and storage.    
Naked eye inspection of a hardwood cross-section reveals a dramatic 
variation in the diameter of individual cells.  The widest of these are called vessel 
elements.  Vessel elements are specialized conducting cells longitudinally arrayed 
end-to-end to form vessels.  In stark contrast to support cells, the morphology of 
vessel elements is short and wide.  Vessel elements are also characterized by a 
great deal of porosity.  The attachment points between elements are called 
perforation plates.  The structure of these “plates” ranges from completely open to 
sieve-like.  Additionally, vessel elements are often riddled with inter-vessel pitting 
and pits connecting to other cell types.  All of these structural features of vessel 
elements contribute directly to performing the sole function of moisture and nutrient 
conduction. 
Hardwood fibers are smaller diameter cells, responsible for mechanical 
support, distributed amongst the vessels.  Unlike the common terminology for all 
wood cells, in the case of hardwood tissues the term fiber actually refers to a specific 
cell type.  Hardwood fibers compare most favorably to softwood tracheids in their 
morphology.  This comparison goes only so far, as fibers are shorter (1mm vs. 3-
4mm) and rounded in cross-section.  Regardless, the relative abundance of fibers is 
directly related to strength properties of hardwood tissues.    
Longitudinal and ray parenchyma make up the last two major cell types in 
hardwood tissues.  In either configuration parenchyma are thin-walled storage cells.  
Longitudinal parenchyma are long slender cells that are often segmented by 
secondary cross wall development  whereas ray parenchyma are shorter cells with a 
rectangular cross section.  In either orientation the abundance of parenchyma can 
vary widely between species. 
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Wood Chemistry 
Secondary xylem, or wood, is a biogenic multi-component composite material 
composed chiefly of three polymers: cellulose, hemicellulose, and lignin.  Cellulose 
and hemicellulose are polysaccharides, sometimes referred to collectively as 
holocellulose.  Lignin is an aromatic polymer made up of cross-linked phenyl 
propane units.  In addition to these structural molecules wood also contains a 
spectrum of low molecular weight organic molecules collectively called extractives.  
Inorganic minerals that are incorporated in wood are categorized as ash.  This 
functional mix of chemical species determines the chemical and physical properties 
of wood. 
Cellulose.  Cellulose is the major structural component of wood cells.  It is a 
polysaccharide molecule containing thousands of glucose sugar molecules, a 
product of photosynthesis.  All polymers are collections of structural repeat units.  
Their total number is defined as the degree of polymerization (DP).  The cyclic form 
D-glucose anhydride is linked by β(1,4) glycosidic linkages to form the disaccharide 
cellobiose molecule shown in Figure 3.  Cellobiose, structural repeat unit of 
cellulose, is often included 10,000 times or more in each molecule (DP=10,000).   
 
Figure 3: Cellobiose - The Repeat Unit of Cellulose. 
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Cellulose molecules, as modeled in Figure 4, are able to interact and align as 
a result of intermolecular hydrogen bonding and dipole interactions.  The abundance 
of hydroxyl (OH) groups promote these electrostatic interactions.  The result of these 
interactions is a lamellar crystalline arrangement of cellulose molecules.  Because of 
their intimate arrangement crystalline cellulose regions are exceptionally resistant to 
chemical modification or hydrolysis.  In and amongst these crystalline domains there 
often occur unregimented amorphous regions of entangled cellulose molecules.  It is 
this binary morphology of cellulose that imparts both stiffness and flexibility 
properties to wood. 
 
 
Figure 4: The Crystalline Structure of Cellulose. 
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Hemicellulose.  Hemicellulose is a collective label for other polysaccharides 
comprised of photosynthetic sugars.  The function and structures of these molecules 
differ from that of cellulose.  Hemicelluloses contain a mixture of sugar molecules.  
In addition to glucose, they incorporate other six carbon sugars like mannose and 
galactose.  The five carbon sugars xylose and arabinose, as well as the sugar 
derivative glucuronic acid, can all be found in hemicellulose molecules.  Hardwood 
and softwood species typically contain hemicelluloses with different combinations of 
these sugars.  
Figure 5: Softwood Hemicellulose – Galactoglucomanan. 
 
 
 
Hemicelluloses are often irregularly branched polymers with degrees of 
polymerization in the tens to hundreds.  The structure in Figure 5 is a representation 
of the branched softwood hemicellulose galactoglucomannan.  Although they do 
improve the strength of wood cells, hemicelluloses are not structural molecules in 
the way cellulose is.  Because of their branched and polysaccharide natures 
hemicelluloses act as an intermediary between cellulose and the other structural 
polymer, lignin. 
 52 
Lignin.  Along with the polysaccharides, lignin is a structural polymer that 
contributes to the chemical and physical properties of wood.  Lignin is vastly different 
from the sugar-based polymers in wood.  It is a three-dimensional cross-linked 
amorphous polymer.  These attributes contribute to the utility and the complexity of 
wood as a biomass feedstock. 
In all plants, lignin’s basic structural units, or monolignins, are based on a 
phenylpropane molecule.  The three types of lignin monomers are differentiated by 
methoxy (-OCH3) substitution at carbons three or five of the phenyl ring as seen in 
Figure 6.  Grasses contain all three forms of monolignins.  Hardwood species 
possess lignin made up of both coniferyl and sinapyl alcohol sub-units.  Finally, 
coniferyl alcohol is by far the most predominant lignin monomer in softwoods.  The 
three lignin monomeric units  
 
Figure 6: The Three Lignin Monomeric Units 
 
 
 
 
 
 
 
 
The macromolecular structure of lignin, regardless of the monomeric content, 
is complex.  Monolignin molecules are connected by at least five different covalent 
inter-unit linkages.  A schematic representation of lignin is given in Figure 7.  With all 
of the potential bonding configurations available lignin becomes a three-dimensional, 
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cross-linked polymer.  Given the potential for nearly random cross-linking, lignin is 
an amorphous substance with no ordered crystalline nature.  Such a disordered 
character enables lignin to surround and infiltrate the holocellulosic components of 
wood, thereby becoming the matrix that supports wood’s triune composite structure.  
Figure 7: Model of the Macromolecular Structure of Lignin. 
 
 
Extractive compounds.  Extractives are a broad category of non-structural 
organic molecules that can be removed from wood by either non-polar solvents or 
water.  Extractive types include: water soluble sugars and tannins, triglycerides, fatty 
acids, terpenes, polycyclic resin acids, and condensed phenolic compounds.  The 
functions of extractable components are as varied as their structural types.  These 
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compounds are found throughout woody tissues but, in many cases, higher 
concentrations are found in heartwood.        
Inorganic ash.  Inorganic compounds that can withstand high temperature 
combustion of wood in an oxygen rich atmosphere are broadly known as ash.  
These mineral ions and salts are found in only trace amounts in the wood of most 
tree species.  They serve no specific structural purpose, but can negatively affect 
attempts to utilize wood for fiber, fuel, or material purposes. 
Wood is a complex bio-composite chiefly made up of three structural 
polymeric component groups.  Cellulose, hemicellulose, and lignin, along with the 
non-structural ash and extractives, are combined in one of the most widespread and 
utilizable plant tissues in the world - wood.    
 
Structure of Wood Fibers 
Wood cell walls are structural composite materials primarily made up of 
cellulose, hemicellulose, and lignin.  These polymers combine in a cellulose 
reinforced lignin matrix.  The hemicellulose fraction of the fiber wall is believed to act 
as a modifier that integrates the other two, largely dissimilar, components.  The 
resulting material is one that can withstand a wide range of physical, chemical, and 
biological challenges. 
Cellulose, as previously mentioned, can be arranged in highly ordered 
crystalline structures.  Ordered arrangements of molecules have the ability to further 
aggregate into structures called microfibrils.  As wood cell walls are formed these 
microfibril aggregations are generated from the cellulose being synthesized.  The 
exact arrangement of microfibrilar cellulose with hemicellulose and lignin is not 
known.  However, it is commonly held that hemicellulose is an intermediary between 
cellulose microfibrils and the encrusting lignin matrix.   
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Wood fibers are built up from successive layering of the major structural 
polymers from the outer cell wall inward.  This process begins with an outer layer 
called the primary wall.  This layer is composed of a hemicellulose-like substance, 
pectin, and lignin in addition to the structural polysaccharides.  Microfibrilar cellulose 
is arranged in a random network.  As the cell matures the primary layer becomes 
highly lignified.   
Successive inner layers combine to form what is called the secondary wall.  In 
most wood cells the secondary wall has three concentric lamellae.  Moving inward 
from the primary wall these are called the S1, S2, and S3 layers, respectively.  The 
layers of the secondary wall are differentiated from each other and the primary wall 
by the arrangement of the cellulose microfibrils.  In contrast to the primary wall, 
secondary wall microfibrils are aligned very uniformly.  In the S1 layer microfibrils are 
typically arranged nearly perpendicular to the cell’s long axis.  The term used to 
describe this orientation is microfibril angle.  By this definition the S1 layer has a high 
microfibril angle (50o-70o).  The S2 layer of most cells is distinct because of its 
thickness relative to the other secondary wall lamellae and low microfibril angle (10o-
30o).  From species to species and cell to cell the thickness of the S3 layer of fibers 
can vary widely.  In general, this layer also has the highest microfibril angle (60o-
90o).          
Concentric lamellar structure of wood cells imparts the physical properties 
that have made wood such a versatile structural material.  Cellulose molecules and 
microfibrils are strongest in tension, which is along the axis of their aligned covalent 
bonds.  By varying the angle that these molecules and aggregated fibrils align, wood 
cells have excellent physical and mechanical properties.   
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Wood Fiber and Flour Applications 
Wood is a form of lignocellulosic biomass that has a wide range of current 
and potential applications.  The focus of this discussion is on applications with fibers, 
chips, or ground wood, often called flour.  These feedstocks can either be processed 
from dedicated plantation trees or recovered from wood waste streams from 
industrial lumber or millwork operations.  Even though these materials are 
dimensionally small they represent a host of material, chemical, and energy 
products. 
Fiber-Plastic composites.  Natural fiber-plastic composites are a relatively 
new product in the scope of forest products.  It is possible to improve some 
mechanical properties of thermoplastic resins by combining them with lignocellulosic 
fibers like wood.  Inclusion of wood can also improve processing variables and 
efficiency.  Ground pine wood, or pine flour, has been the standard reinforcing 
material to date.  However, other woody and herbaceous biomass materials have 
been considered for fiber-plastic composites. 
Thermoplastic resins are often extended or reinforced with fibrous or 
particulate additives.  In recent years wood flour has become a more commonly 
used fibrous reinforcement for thermoplastic matrices like polyethylene and 
polypropylene.  Pine flour has been shown to improve the stiffness properties of 
plastics [36, 37].  It is likely that other mechanical properties like tensile strength and 
impact resistance could be improved if better adhesion between plastic matrix and 
wood flour particles can be achieved.  Research efforts continue to determine the 
benefits of chemical additives for improved matrix-filler interactions [38, 39, 40].   
Natural filler materials can also have economic advantages for plastics 
producers.  Wood flour or fibers are renewable and often readily available low cost 
materials.  If the price for filler material is sufficiently low the overall production costs 
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can be reduced when compared to pure thermoplastic resin.  It has also been found 
in practice that operating temperatures and press cycle times can be reduced by 
including lignocellulosic fillers.  These changes can also lead to improved production 
efficiency and economics.          
Fractionation.  There is a growing interest in “harvesting” the specialized and 
sometimes specialty chemicals from the mixture of extractives rather than leaving 
them in wood for structural products or losing them to combustion or thermochemical 
treatments [41, 42].  The paper industry has already turned these extraneous 
materials into co-products.  Tall oil is a by-product from Kraft pulping that is rich in 
fatty acids, fatty acid esters, terpenes and other chemical groups that can be used in 
numerous products.       
Hydrolysis and fermentation.  Production of transportation fuels from 
biomass was one source of impetus for developing hybrid poplar as a short rotation 
crop.  Initially this was embraced as a means of producing fuel without depending on 
foreign petroleum.  More recently it has also been seen as a strategy for combating 
anthropogenic climate change [43].   
Forest resources have potential as sugar feedstocks for alcohol transportation 
fuels.  More than half of the solid volume of a tree is made up of cellulose and 
hemicellulose which contain five and six carbon sugars.  Fermentation of these 
types of sugars to alcohols is a long-standing mature industry.  The main challenge 
has been liberating the individual sugars from wood.  A multitude of conversion 
treatments have been investigated including biochemical [44, 45], hydrothermal [46], 
and chemical [47, 48].  Many of the approaches attempted have been successful on 
laboratory or pilot scale.  However, to date no industrial woody biomass to alcohol 
operations have been proven.   
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There are many other current applications for ground, chipped, or 
comminuted woody biomass.  Such uses include thermochemical technologies like 
pyrolysis and gasification for production of energy or useful chemicals.  Combustion 
is one of the longest standing conversions of wood to energy and heat.  Structural 
material products like fiber and strand board have been in existence for decades and 
continue to find application in construction.  There are, and doubtless will be, more 
technologies and products for which wood functions as a feedstock.  
 
Summary 
Forest resources have long been a crucial element of what is now called the 
bioeconomy.  The biological, physical, chemical, as well as aesthetic properties of 
wood ensure its continued utilization in a wide sweep of applications ranging from 
hand-crafted artworks to industrial scale products and power.   
One means of ensuring continued production and availability of forest 
resources is afforestation in the form of plantations.  Such systems act as 
safeguards for ecologically valuable native forests while simultaneously allowing for 
selective silvicultural management practices.  Additionally, managed plantation trees 
in previously unforested land provide beneficial functions for improving air, water, 
soil, and ecological conditions from the global to local scale.   
Tree species in the genera Pinus and Populus have been successfully grown 
in plantation settings in the United States.  Pine species have long found application 
due to their excellent biological, mechanical, and chemical properties.  Whereas 
poplar production has been undertaken in the past three decades based principally 
on rapid growth rate and potential as a feedstock for energy production.  These 
favorable characteristics promote both hybrid poplar and waste wood from pine as 
potential biomass feedstock materials. 
 59 
 
References
                                            
[1] The Global Forest Resources Assessment 2005, FAO report. 
http://www.fao.org/forestry/site/fra/en/. 
 
[2] Wagner RG, Newton M, Cole EC, Miller JH, Shiver BD. The role  
of herbicides for enhancing forest productivity and conserving land for  
biodiversity in North America. Wildlife Soc. Bull. 2004;32:1028–1041.  
  
[3] Munson AD, Margolis HA, Brand DG. Seasonal nutrient dynamics  
in white pine and white spruce in response to environmental manipulation.  
Tree Physiology 1995;15:141–149.  
  
[4] Mallik AU, Bell FW, Gong YL. Effectiveness of delayed brush cutting  
and herbicide treatments for vegetation control in a seven-year-old jack pine  
plantation in northwestern Ontario, Canada. Silva Fenn. 2002;36:505–519.   
 
[5] Pitt DG, Wagner RG, Towill WD. Ten years of vegetation succes-  
sion following ground-applied release treatments in young black spruce  
plantations. Northern J. Appl. For. 2004;21:123–134.  
  
[6] Prescott CE, Kumi JW, Weetman GF. Long-term effects of repeated N 
fertilization and straw application in a jack pine forest. 2. Changes in the  
ericaceous ground vegetation. Can. J. Forest Res. 1995;25;1984–1990.  
  
[7] Quoreshi AM, Timmer VR. Early outplanting performance of nutri-  
ent-loaded containerized black spruce seedlings inoculated with Laccaria  
bicolor: a bioassay study. Can. J. Forest Res. 2000;30;744–752.  
  
[8] Fu S, Bell FW, Chen HYH. Long-term effects of intensive silvicultural practices on 
productivity, composition, and structure of northern temperate and boreal plantations 
in Ontario, Canada. Forest Ecology and Management 2007;241:115-126. 
  
[9] World Resources Institute 1992. World resources 1992–93. Oxford University 
Press, Oxford. 
 
[10] South DB. How can we feign sustainability with an increasing population?  
New Forest. 1999;17:193–212.  
 
[11] Sedjo RA. The role of forest plantations in the world’s future timber supply. 
Forest. Chron. 2001;77:221–225.  
  
 60 
                                                                                                                                       
[12] USDA (United States Department of Agriculture) Forest Service. Interim Update 
of the 2000 Renewable Resource Planning Act Assessment. FS 874. April 2007. 
USDA Forest Service, Washington, DC. 
  
[13] USDA (United States Department of Agriculture) Forest Service 1989. An 
Analysis of the Land Base Situation in the United States: 1989–2040. General 
Technical Report RM-181. USDA Forest Service, Washington, DC.  
  
[14] Sutton WRJ. Does the World need planted forests? New Zealand J. Forest. 
1999;44:24–29.  
  
[15] Sutton WRJ. The need for planted forests and the example of radiata pine. New 
Forest. 1999;17;95–109.  
  
[16] Sedjo RA, Botkin D. Using forest plantations to spare natural forests. 
Environment 1997;39(10):14–20.  
  
[17] Schulze ED et al. Managing forests after Kyoto. Science 2001;289:2058–2059.  
 
[18] Wolfsy SC. Where has all the carbon gone? Science 2001;292:2261–2263.  
 
[19] Fahey B, Jackson R. Hydrological impacts of converting native forests and 
grasslands to pine plantations. South Island, New Zealand Agricultural and Forest 
Meterology 1997;84:69-82. 
  
[20] Cannell MGR. Environmental impacts of forest monocultures: water use, 
acidification, wildlife conservation, and carbon storage. New Forests 1999;17:239-
262. 
  
[21] Margules C, Usher MB. Criteria used in assessing wildlife conservation 
potential: A review. Biol. Conserv. 1981;21:79–109.  
  
[22] Wagner RG, Flynn J, Gregory R, Mertz CK, Slovic P. Acceptable practices in 
Ontario’s forests: differences between the public and forestry professionals. New 
For. 1998;16:139–154. 
 
[23] Potton C. A public perception of plantation forestry. New Zealand For. 
1994;39:2–3.  
 
[24] Freedman B, Zelazny V, Beaudette D, Fleming T, Flemming S, Forbes G, 
Gerrow JS, Johnson G, Woodley S. Biodiversity implications of changes in the 
quantity of dead organic matter in managed forests. Environ. Rev. 1996;4:238–265.   
 
[25] Tolbert VR, Wright LL. Environmental enhancement of U.S. biomass crop 
 61 
                                                                                                                                       
technologies: Research results to date. Biomass and Bioenergy 1998;15:93-100. 
 
[26] Hunter ML, Calhoun A. 1995. A triad approach to land use allocation. In: Szaro, 
R., Johnston, D. (Eds.), Biodiversity in Managed Landscapes. Oxford University 
Press, New York, pp. 447–491. 
 
[27] Bibby CJ, Phillips BN, Sneddon AJE. Birds of restocked conifer plantations in 
Wales. J. Appl. Ecol. 1986;22:619–633.  
  
[28] Alig RJ, Adams DM, Chmelik JT, and Bettinger P. Private forest investment and 
long-run Sustainable harvest volumes. New Forests 1999;17:307-327. 
  
[29] Fenning TM, Gershenzon J. Where will the wood come from? Plantation forests 
and the role of biotechnology Trends in Biotechnology 2002;20:291-296. 
  
[30] Boyle JR. Planted forests: views and viewpoints New Forests 1999;17:5-9. 
  
[31] Powers RF. On the sustainable productivity of planted forests. New Forests 
1999;17:263-306. 
  
[32] McMahon JP. International expectations for sustainable forestry: a view from the 
U.S. forest industry. New Forests 1999;17:329-338. 
  
[33] Stainback GA, Alavalapati JRR. Effects of carbon markets on the optimal 
management of slash pine (Pinus elliottii) plantations. Southern Journal of Applied 
Forestry 2005;29:27-32. 
  
[34] Johnson DW. Effects of forest management on soil carbon storage. Water, Air, 
Soil Pollut. 1992;64:83–120.  
  
[35] Jackson M, Megraw RA. 1986. Impact of juvenile wood on pulp and paper 
products. In Juvenile Wood – What Does It Mean to Forest Management and Forest 
Products? Forest Products Research Society, Proceddings 47309. 
 
[36] Stokke DD, Kuo M, Curry DG, Gieselman HH. 2001. Grassland 
flour/polyethylene composites.In:  Proc. of the Sixth International Conference on 
Woodfiber-Plastic Composites. May 15-16, Madison, WI. Forest Products Society, 
Madison, WI pp. 43-53. 
 
[37] Oksman K, Clemons C. Mechanical properties and morphology of impact 
modified polypropylene-wood flour composites. Journal of Applied Polymer Science 
1998;67:1503-1513.  
 
 62 
                                                                                                                                       
[38] Gatenholm P, Bertilsson H, Mathiasson A. The effect of chemical composition of 
interphase on dispersion of cellulose fibers in polymers 1. PVC-coated cellulose in 
polystyrene. Journal of Applied Polymer Science 1993;49:197-208.  
 
[39] Wu J, Yu D, Chan CM, Kim J, Mai YW. Effect of fiber pretreatment condition on 
the interfacial strength and mechanical properties of wood fiber/PP composites. 
Journal of Applied Polymer Science 2000;76:1000-1010.  
 
[40] Girones J, Mendez JA, Boufi S, Vilseca F, Mutje P. Effect of silane coupling 
agents on the properties of pine fibers/polypropylene composites. Journal of Applied 
Polymer Science 2007;103:3706-3717. 
  
[41] Kelkar VM, Geils BW, Becker DR, Overby ST, Neary DG. How to recover more 
value from small pine trees: Essential oils and resins. Biomass and Bioenergy 
2006;30:316-320. 
 
[42] Turley DB, Chaudhry Q, Watkins RW, Clark JH, Deswarte FEI. Chemical 
products from temperate forest tree species – Developing strategies for exploitation. 
Industrial Crops and Products 2006;.24:238-243. 
 
[43] Gustavsson L. and Börjesson P. CO2 mitigation cost. Bioen- ergy system and 
natural gas system with decarbonisation. Energy Policy 1998;29:699–713.  
 
[44] Ballesteros M, Olivia JM, Negro MJ, Manzanares P, Ballesteros I. Ethanol from 
lignocellulosic materials by simultaneous saccharification and fermentation process 
(SFS) with Kuyveromyces marxianus CECT 10875. Process Biochemistry 
2004;39:1843-1848. 
 
[45] Lynd LR. Overview and evaluation of fuel ethanol from cellulosic biomass: 
technology, economics, the environment, and policy. Annual Reviews, Energy 
Environment 1996;21:403–65.  
 
[46] Overend RP, Taylor JD, Yu E. Fractionation of Populus tremuloides at the Pilot 
Plant Scale: Optimization of Steam Pretreatment Conditions using the STAKE II 
Technology. Bioresource Technology 1991;35:23-32. 
 
[47] Pan X, Gilkes N, Kadla J, Pye K, Saka S, Gregg D, Ehara K, Xie D, Lam D, 
Saddler J. Bioconversion of Hybrid Poplar to Ethanol and Co-Products Using an 
Organosolv Fractionation Process: Optimization of Process Yields. Biotechnology 
and Bioengineering 2006;94:851-861. 
 
[48] Wooley R, Ruth M, Sheehan J, Ibsen K, Majdeski H and Galvez A. 
Lignocellulosic biomass to ethanol—Process design and economics utilizing co-
current dilute acid prehydrolysis and enzymatic hyrolysis—Current and futuristic 
 63 
                                                                                                                                       
scenarios, Report No. TP-580-26157. National Renewable Energy Laboratory. 
Golden Colorado USA. 1999. 130pp.  
  
 
 64 
Chapter 3: Agricultural Residue as Biomass Feedstocks 
 
Introduction 
The agricultural potential of its lands is one of the greatest resources in the 
United States.  Much of this potential has been utilized to produce grain crops.  In 
the United States there are two primary grain crops under cultivation, corn (Zea 
maize) and soy (Glycine max) [1].  The grains from these crops are utilized in a 
number of products and applications.  Relatively little of the herbaceous material 
from the plants that bore these grains has been utilized as distinct product or 
process feedstocks.  Production and processing residues from both corn and soy 
represent a variety of biomass materials for conversion to or incorporation in bio-
based fuels, chemicals, and materials.    
 
Environmental Issues 
As large-scale annual crops, soy and corn are associated with inherent 
environmental impacts.  The number of field treatments required for annual crops is 
greater than those required for perennial sources of biomass.  Some of these 
treatments can have adverse effects on soil and surface water quality.  In addition, 
the atmospheric environment is subjected to greenhouse gases from the combustion 
of fuels associated with irrigation and tractor powered applications.  Finally, efforts to 
harvest corn and soy stover carry the potential to promote soil nutrient loss and 
erosion, representing a significant degradation of arable land.  
Annual crops typically require a number of yearly field treatments including, 
but not limited to: cultivation, planting, irrigation, fertilization, harvest, and tilling.  All 
of these treatments come at an energetic cost in terms of transportation and 
stationary power fuels.  This is a fact of producing grain crops in America.  In terms 
of biomass production, however, there is a corresponding decrease in greenhouse-
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promoting emissions when annual crops are replaced by dedicated perennial crops 
like switchgrass and hybrid poplar.   
Cultivation and fertilization have the potential added impacts on soil and water 
quality.  Cultivation, or tilling, is a process of working soil to prepare it for planting 
and to maintain low weed competition conditions.  This beneficial treatment has side 
effects like loss of soil carbon to oxidation and decreased erosion resistance.  
Therefore, while improving planting and growing conditions, the quantity and quality 
of valuable topsoil is degraded.  Fertilizer application is one way that soil deficiencies 
are overcome.  Unfortunately, with surface water runoff and associated erosion, 
some of the applied fertilizer is transferred to receiving streams and rivers.  What 
serves as beneficial nutrients for terrestrial plants also causes aquatic plants to 
flourish in an unchecked manner.  The results are noxious algal blooms and anoxic 
or “dead” aquatic and marine zones. 
By harvesting corn and soy stover as biomass feedstocks harvesters would 
remove a large component of herbaceous material that is commonly left standing or 
cut on the field.  This residue that has traditionally been left on the field fulfills a 
mulching function.  Plant matter on the field helps to reduce surface water velocity 
and, therefore, reduces erosion due to runoff.  There are also substantial amounts of 
beneficial carbon and nutrients that are returned to the soil by corn and soy stover.  
Because these materials already serve valuable environmental roles in agriculture, 
care must be taken in determining if and how much stover should be removed to 
serve as biomass feedstocks. 
Industrial scale rotated monoculture agriculture carries with it some 
challenges to the natural environment.  Negative effects can be felt locally, 
regionally, and globally in terms of soil, water, and atmospheric quality.  Therefore, 
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further harvesting of corn and soybean crop residues must be undertaken with care 
and consideration.      
 
Physical Properties 
Agricultural residues come in two distinct categories, those from production 
and those from subsequent processing.  Each of these categories will have different 
physical properties based mostly on the level of tissue homogeneity.  Production 
residues consist mainly of stalk and leaf tissues whereas the waste material or co-
product streams from processing are typically hull or unused grain components.  
Based on these substantial differences biomass properties from both categories will 
have distinctive physical properties. 
Agricultural production residues.  On-field residues from corn and soybean 
production are composed mainly of stalk and leaf tissues.  They may also contain 
cob, shuck, and hull materials.  As such there is inherent variability due to the 
concentrations of included tissues.  Harvest date and storage can also contribute to 
variations in the physical properties of corn and soy stover.  The resulting spectrum 
of properties creates challenges for utilization. 
The mixed plant tissues in corn and soy stover are collections of conduction, 
storage, photosynthetic, and structural cell types.  For most applications the 
conduction, storage, and structural tissues will be most useful.  These include 
collenchyma and tracheid cells in leaves as well as fibers, tracheids, and vessel cells 
in stalk tissue.  Of these the collenchyma, the support cells in leaves, are made up of 
cellulose and contain virtually no lignin [2].  This constitution could be an advantage 
in some chemical or biochemical conversion applications.  The other cell types are 
typical lignocellulosic materials.  It is this fraction that could be used either for 
chemical conversion or potentially for structural materials.    
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Residues from grain processing.  The unused materials from grain 
processing operations have one primary physical advantage over other agricultural 
wastes, and that is homogeneity.  These materials have typically been washed, 
ground, and sorted in an effort to maximize the yield of functional grain components 
like starches, proteins, and oil.  As a result they represent a uniform feedstock for 
conversion or production technologies. 
 
Chemical Composition 
Agricultural residues can be derived from several distinct tissues of grain 
crops like corn and soy.  These tissues can be broadly divided into herbaceous and 
seed material categories.  This review will cover only the herbaceous component of 
agricultural residues.  There is a growing body of data in the literature regarding the 
chemical composition of corn stover.  Conversely, very little data has been collected 
for the stalks and leaves of soy.  
Corn chemical composition.  Like other biomass corn stover is a mixture of 
lignocellulosic materials.  The composition of these materials is subject to numerous 
sources of variation.  In terms of biomass utilization the only control over 
composition is when stover is harvested.  Harvest date has an effect on 
hemicellulose, lignin, and particularly soluble solids [3].  Over time there is a slight 
increase in the content of hemicellulose and lignin.  Conversely, the soluble solids, 
or sugars, are diminished dramatically in the stalk and leaf material beginning 
around the 100th day after planting. 
An overview of the literature indicates three distinctive approaches to 
determine the chemical composition of corn stover.  The first of these approaches 
was based on the fiber analysis techniques developed by Van Soest for forage 
analysis [4, 5].  Dien has stated that these results differ from other standardized wet 
chemical methods of herbaceous material composition determination [6].  The ASTM 
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wet chemical techniques for analyzing the chemical composition of biomass were 
reviewed by Milne [7].  Until recently these were the standard techniques for 
analyzing biomass.  In 2003 Hames published a novel rapid analytical technique 
based on near infrared (NIR) spectroscopy [8].  This new approach gives a more 
rapid and economical determination of biomass constituents that is in full agreement 
with the ASTM methods.  Collected literature values for the components of corn 
stalks and leaves are given in Table 4. 
 
Table 4: Chemical Composition of Corn Stover (% of Dry Matter).a 
Cellulose Hemicellulose Lignin Ash Extractives Source 
28.6b,c 20.3c 15.4c nd nd 9 
35.3 25.6d 14.5 2.45e 4.3 10 
38 26 19 6 nd 11 
35.5 22.83 18.7 11.63 5.45 12 
 
a For this table corn stover was considered to be stalks and leaves.  The data is 
given in percent mass of recovered solids. 
b Reported as glucose sugars. 
c Results are converted from reported mg/g data for leaf tissue only. 
d Reported as xylose, arabinose, and mannose sugars. 
e Results were reported as soluble inorganics. 
 
Soy stover chemical composition.  The chemical composition of soy stover 
has received far less attention than most potential biomass feedstocks.  The major 
polymeric components exhibit nearly the same ratios as corn stover.  The ash 
content also compares favorably to that of corn.  No literature data could be found 
for extractives.  Collected data from the literature is given in Table 5. 
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Table 5: Chemical Composition of Soy Stover (% of Dry Matter). 
Cellulose Hemicellulose Lignin Ash Extractives Source 
32.1a 18.5 b Nd nd Nd 13 
33 14 15 6 Nd 14, 15 
a Reported as weight % glucan. 
b Reported as weight % xylan and other sugars. 
 
Applications 
In the case of both production and processing agricultural residues, the most 
common application has traditionally been for animal nutrition.  In the new paradigm 
of biomass conversion to fuels, chemicals, and materials, soy and corn stover can 
be considered as industrial feedstocks.  Corn stover has been considered as a 
potential lignocellulosic source of sugars for fermentation to ethanol [10, 16].  Similar 
technologies are being developed to convert agricultural waste to other chemical 
species.  Both production and processing residues have been considered for 
inclusion in fiber-plastic composites [17, 18].  Finally, thermochemical conversion 
such as combustion, gasification, and pyrolysis could also receive agricultural 
residues as feedstocks.  Therefore, corn and soy production and processing 
residues are suitable biomass materials for chemical, energy, and material products.  
 
Summary 
 Herbaceous biomass materials derived from agricultural residues 
demonstrate potential as product and process feedstocks for a growing bio-based 
economy.  As the two primary grain species in the United States, corn and soy have 
been grown almost exclusively for seed yield and utilization.  Currently, there are 
growing interests in these grains for conversion to chemical and fuel products.  The 
lignocellulosic stem, leaf, cob, and hull materials from these crops represent, as yet, 
untapped resources for conversion and material applications.     
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 Expanded utilization of agricultural residues involves inherent environmental 
impacts.  Large-scale agriculture based on annual grain crops is very energy and 
resource intensive.  Therefore, more complete use of these annual plants can affect 
more efficient resource application.  In order to achieve a more sustainable 
production/utilization system the amount of residue harvested must be optimized to 
ensure proper conservation of soil quality.  If this balance can be struck, a large-
scale ready supply of lignocellulosic materials would be concentrated and available 
for application. 
 The varied characteristics of agricultural residues lend themselves to a variety 
of conversion or processing applications.  Residues from grain processing tend to be 
clean, dry, and homogeneous chemically, making them better suited to applications 
with more strict feedstock specifications such as conversion to chemical or food 
grade applications.  Conversely, production materials taken from the field are more 
likely to have higher moisture content, contamination, and chemical variability. 
Energy and chemical applications like combustion, gasification, and pyrolysis, are 
better candidates for these materials owing to less stringent feedstock specifications.  
One further area of potential utilization for both classes of residues is durable 
composite materials, especially in the form of lignocellulosic fillers or reinforcement.      
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Chapter 4: Natural Fiber-Plastic Composites 
 
Introduction 
In the past few decades the scope of forest products has broadened to 
include a new type of composite materials, fiber-plastic composites (FPCs).  As the 
name indicates, these materials are based on the combination of plastic resin and 
wood or other natural fibers.  Combining these distinct components produces 
benefits in production, application, and resource preservation.  Since these benefits 
were realized a great deal of research, development, and production has been 
undertaken in both the academic and industrial realms.   
Industrial production of fiber-plastics in the United States goes back to at least 
1983.  A wood flour and polypropylene blend was extruded in sheets for automobile 
interior components [1].  Since then a wide range of material blends and markets 
have been explored.  The better established of these markets have grown 
dramatically to date [2].  Extension into new markets and applications will depend on 
how the material properties of fiber-plastic composites can be adjusted and 
improved.  
Thermoplastic polymers have long been blended with filler or reinforcing 
materials.  Low-cost materials that can reduce the amount of resin used in an 
application are typically referred to as fillers.  These materials are incorporated with 
the intent of reducing production costs.  Other materials are blended with 
thermoplastic resins to impart enhanced physical properties.  Dimensional stability 
and strength under tensile and flexural loads are the primary characteristics intended 
to be improved.    
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Traditionally, fillers and reinforcing materials have been natural inorganic or 
synthetic materials.  Fine particulate mineral materials such as calcium carbonate, 
mica, talc, and types of clay have been incorporated as low-cost fillers.  Synthetic 
glass fibers are used as reinforcing agents when the mechanical properties of 
composites are required to exceed those of the pure, or virgin, resin.  These 
materials have certainly functioned well in their intended capacity; however, other 
low-cost reinforcing materials have recently entered the thermoplastic composite 
market. 
Natural fibrous materials including wood, grasses, and agricultural residues 
have been considered more recently as filler/reinforcing raw materials for 
thermoplastic composites [3].  Because all of these plant-based materials are 
composed of the polymeric components cellulose and lignin they are often 
collectively labeled lignocellulosics.  In many cases these materials come from very 
low-cost waste streams from other industries, thereby promoting the cost reduction 
function of fillers.  Lignocellulosic fibers also have excellent physical properties that 
commend them as reinforcing agents for thermoplastics.  Chief among these are low 
bulk density and high strength-to-weight ratios.  Therefore, lignocellulosic materials 
can impart strength and stiffness enhancements in the absence of proportional 
increases in weight.  Benefits can also be realized in processing composite materials 
containing lignocellulosic fibers.  Finally, natural fibrous materials are renewable.  
Unlike the mineral and synthetic materials listed above, lignocellulosics can be 
produced continuously and indefinitely; approaching sustainability in agricultural or 
agro-forestry applications. 
Lignocellulosic fibrous materials bear some characteristics that complicate 
utilization and processing.  Most of these have to do with their chemical composition.  
The three main factors associated with natural fiber chemistry are bulk interactions 
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with water and heat, and surface interactions with hydrophobic matrix materials.  
These properties mainly affect processing and end-use properties of the composite 
materials.  Other factors include the cost of transporting and difficulty in handling low 
bulk density materials.  Bulk density issues are inherent to most lignocellulosic 
materials; however, the challenges associated with natural fiber chemistry can be 
dealt with in a number of ways.    
A wide array of research efforts have been undertaken to better understand 
fiber-plastic composites in order to achieve enhanced material properties.  This 
represents a truly multi-disciplinary endeavor, as elements of process engineering, 
surface chemistry, natural products chemistry, and materials science have all been a 
factor in evaluating these composite materials.  The emphasis of this review is on 
the properties of different natural fiber materials that can serve as raw materials for 
fiber-plastic composites.  
 
Material Components 
Most of the benefits, as well as challenges, associated with fiber-plastic 
composites are derived from the material properties of the raw material components.  
The origin, composition, and physical characteristics of lignocellulosic materials and 
thermoplastic resins are dramatically different.  Combining these materials results in 
unique products with hybridized physical properties.    
Fiber-plastic composites are the product of commingling two markedly 
dissimilar types of materials.  Thermoplastic resins are typically hydrophobic 
materials produced synthetically from petroleum-based building blocks.  On the 
other hand, biological cells characterized by complex morphology and chemical 
compositions make up natural fibrous materials.  Because of these differences in 
form and chemical character lignocellulosic materials and thermoplastic resins 
respond to processing conditions differently.  Additionally, their respective 
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chemistries do not promote intimate physical or chemical interactions.  This lack of 
interaction between the components limits the mechanical properties of fiber-plastic 
composites and therefore their scope of application.  
Thermoplastic resins.  Thermoplastic polymers are a unique grouping of 
chemical materials based on their response to heat.  Polymeric resins can either 
solidify at elevated processing temperatures, as in the case of thermoset resins, or 
they can soften to the point that they can flow.  Thermoplastic polymers demonstrate 
the latter phenomenon.  What makes thermoplastic resins especially useful is that 
upon cooling they will retain their shape.   
This dual solid and melt nature of thermoplastic resins is what makes them so 
functional for a wide variety of applications.  Conventional methods like extrusion, 
injection molding, and blow molding are just some of the techniques that capitalize 
on the thermal response of thermoplastic resins.  These processes can be used to 
create a broad spectrum of components including films, sheets, panels, and complex 
molded parts.   
Polypropylene and polyethylene, collectively known as polyolefins, are by far 
the most commonly used thermoplastic resins used currently [4].  In their basic form 
polypropylene and polyethylene are both linear molecules composed of two and 
three carbon repeat units respectively.  As non-polar hydrocarbons neither of these 
polymers is hygroscopic nor are they likely to interact with other materials through 
polar electrostatic interactions.  In addition, polypropylene and polyethylene are, for 
the most part, chemically inert.  These stable chemical and material features are 
what make them the two most commonly utilized thermoplastic resins.   
Wood and other natural fibrous materials.  Lignocellulosic materials 
generated from trees, grasses, or agricultural residues are well suited for renewable 
biomass applications.  Blending natural fibrous materials into thermoplastic resins is 
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one of the more recent applications to utilize biomass.  In many ways fibrous 
lignocellulosics are well suited for thermoplastic processes and products.  However, 
there are some characteristics of lignocellulosics that pose challenges as composite 
raw materials.  Despite the challenges, natural fibrous materials demonstrate 
potential to incorporate renewable biomaterials into thermoplastic composites.    
Wood and other lignocellulosic biomass are blended with thermoplastics in 
the form of finely ground particulate materials often called flour.  Because it is a 
clean, dry, homogeneous material, wood flour is typically derived from primary and 
secondary forest products processing residues.  The residues are commonly 
ground, screened for particle size, and dried.  The same type of processing will be 
required for dedicated biomass crops or agricultural residues if they are adopted for 
composite materials.  In spite of common attribution to the contrary these materials 
are not composed of whole, individual plant cells or fibers.  As a result the particles 
have dramatically lower aspect ratios on the order of 2:1 as opposed to 100:1 for 
individual wood fibers [5].  Additionally, flour particle dimensions are smaller than 
wood and grass fibers.  Particles passing screens from 10 to 80 mesh are typical in 
wood fiber-plastic composites, corresponding to sizes from 0.18 to 2.0 mm.  
Switchgrass and most wood fibers fall in the 1 to 3 mm length range.  Such changes 
in unit morphology do not diminish, and in some instances enhance, the utility of 
lignocellulosic biomass in thermoplastic composites.      
Wood and lignocellulosic flours have attributes that are well suited to filler and 
reinforcing materials for thermoplastic resins.  Chief among these is the relative cost 
of biomass flour.  The cost of traditional reinforcing materials (fiberglass $0.90) and 
fillers (calcium carbonate $0.07) straddle those of lignocellulosics ($0.10 - $0.20) [4].  
These price points are appropriate as biomass flour has the capacity to fill and 
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reinforce thermoplastics.  The mere fact that biomass costs less than, and can be 
effectively blended with, thermoplastic resins is all that is required of fillers.   
The same physical and chemical attributes that make wood, grass, and crop 
cells ideally suited to their biological function commend them as reinforcing raw 
materials.  Relatively thin lignocellulosic cell walls provide plants with adequate 
strength and stiffness.  This arrangement allows a substantial portion of the cell’s 
volume to perform the required physiological functions of storage or conduction.  
After harvest and processing biomass materials are essentially central void spaces 
circumscribed by lignocellulosic cell walls, thus dramatically reducing the material 
density while retaining strength and stiffness properties.  Therefore, without 
corresponding mass increases, lignocellulosic materials can augment strength and 
stiffness properties of composites. 
Some of the attributes of lignocellulosic materials result in challenges for 
producing or utilizing fiber-plastic composites.  Some of these issues arise from the 
physical character of most biomass materials.  However, the majority of processing 
and application complications arise from the chemical nature of lignocellulosic 
feedstocks. 
Processing of lignocellulosic flour with thermoplastic resins can be hindered 
by their relative differences in bulk density.  Although low bulk density of natural 
fibrous materials does benefit the strength-to-weight ratio of fiber-plastic composites, 
it does present some problems for composite production.  Thermoplastic resin 
technicians and technology are accustomed to free-flowing resin pellets or granules 
that have a bulk density of about 500 kg/m3 [6].  Comparatively, wood flour bulk 
density inhabits a range of 160 to 340 kg/m3, depending on particle size [7].  Such a 
disparity can cause problems in handling, conveying, and blending lignocellulosic 
biomass with thermoplastic resins.  Instead of flowing, natural fibrous materials of 
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these sizes and densities tend to conglomerate or flocculate.  The result is plugging 
or bridging by biomass flour in feedstock hoppers, augers, and injection ports.  This 
phenomenon can be exacerbated by elevated moisture contents of lignocellulosic 
flour particles. 
Thermoplastic composites are adversely affected by even low amounts of 
moisture in biomass flours.  Lignocellulosic materials are inherently hygroscopic.  
Because of the high number of methoxy and hydroxyl groups in cellulose and 
hemicellulose, plant fibers absorb water from the surrounding atmosphere.  Wood 
particles that have been oven-dried will regain from 5% to 12% moisture content 
(MC) at room temperature and humidity.  However, proper processing of fiber-plastic 
composites requires biomass flour of 2% MC or lower.  Adequate blending and 
interaction of lignocellulosic and thermoplastic components can be disrupted if 
proper drying is not performed beforehand.  Poor mixing and particle-thermoplastic 
matrix interactions result in degraded composite mechanical properties. 
Natural fibrous materials adhere to, or interact with, polymeric resins by four 
principle mechanisms: mechanical interlocking, diffusion, adsorption and surface 
reaction, and electrostatic interactions.  All of these mechanisms are possible, 
however, mechanical interlocking or adsorption followed by surface reactions are the 
primary mechanisms for fiber-plastic composites.  The porous nature of wood and 
other lignocellulosic flours allows molten polymeric resin to flow into pits, channels, 
and lumens resulting in physically interlocked components upon cooling of the 
composite.  Adhesion by diffusion depends on resin molecules penetrating the cell 
walls of flour particles, a statistical unlikelihood for high molecular weight polymers.  
If the chemical character of thermoplastic resins is attracted to functional groups on 
the surface of lignocellulosic particles it will wet, be adsorbed onto, their surface.  
Mutual contact allows for the formation of chemical bonds or electrostatic 
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interactions such as hydrogen bonding, acid-base interactions, and van der Waals 
interactions.  In the absence of some third reactant or catalyst there is little 
possibility of chemical bonding between filler particles and resin matrix.  However, 
secondary or electrostatic interactions are distinctly possible depending on the 
chemical character of the lignocellulosic particles.              
Even if proper drying steps are taken, the promotion of sufficient surface 
interactions between lignocellulosic flour and resin matrices can be confounded by 
chemical incompatibility.  For either the interlocking or adsorption and interaction 
mechanisms to occur the surface of lignocellulosic particles must be sufficiently 
wettable.  Intrinsic adhesion or wettability of materials is dependent on their surface 
energy, often referred to as surface tension.  Lignocellulosic particles can be 
generated by mechanical, thermomechanical, and chemical means.  Each of these 
approaches induces different surface chemistry and, therefore, different surface 
energies.  Further, the presence of extractives can have an effect that is 
disproportionate to their relative abundance in the cell walls of biomass.  Alterations 
in surface chemical compositions due to any of these factors can inhibit surface 
wetting by molten polymeric resins.  Disruption of the close interaction allowed by 
surface wetting significantly degrades the reinforcing benefits of biomass materials 
in thermoplastic composites. 
Natural fiber-plastic composites are also susceptible to the effects of high 
temperatures on lignocellulosic materials.  Residual moisture in lignocellulosic flour 
particles may be driven off at temperatures near 100oC.  Low molecular weight 
extractive components may also be vaporized in this temperature range.  Such 
volatile moieties necessitate adequate venting during the compounding or blending 
stage of composite production to avoid disruption of the fiber-polymer interface or 
molten polymer cavitation.  The polymeric components of lignocellulosic materials 
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begin to degrade at temperatures in the range from 200-225oC.  Such 
decomposition marks a weakening of the reinforcing capacity of natural fibrous 
materials.  In addition, thermal degradation of lignocellulosics often results in 
darkened coloration of composites and the evolution of pyrolytic odors.  Wood 
resists degradation until the upper end of this temperature range and can, therefore, 
be blended with most thermoplastic resins.  Other lignocellulosic materials may be 
more susceptible to thermal decomposition phenomena. 
 
Processing 
In order to incorporate solid filler or reinforcing material with thermoplastic 
resins process conditions must be energetic enough to melt the polymer and mix the 
components.  Production of thermoplastic composites is often a two-stage operation.  
Thermoplastic resin and filler materials are first blended in a general process called 
compounding.  The filler is introduced and dispersed into the molten polymer.  This 
first stage can be carried out in batch blenders or continuous extruders.  The 
resultant melt-blended material can then be formed directly into the intended product 
or be processed into intermediate materials, often in pellet form.        
In-line processing is a technique that directly conveys the compounded 
material to secondary forming equipment.  The molten composite material can be 
driven into a cold mold by a process called injection molding.  It can be forced 
between two halves of a mold known as thermoforming or compression molding.  
The material can also be calendered by extrusion between rollers or calenders.  
Finally, the melt-blended composite can simply be pressed through a die to achieve 
sheet or profile extrusion. 
Profile extrusion is the process by which most of the wood fiber-plastic 
composites have been manufactured.  This technique allows for continuous 
production of whatever cross-section the die dictates.  Extrusion is well suited to 
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fiber-plastic composites for process and product reasons.  Molten composite 
materials have viscosities high enough to resist complex in-line molding.  
Additionally the product is produced as a continuous profile from simple beams to 
complex hollow profiles.  This type of output coincides with the range of building 
materials for which fiber-plastic composites are produced. 
Intermediate composite materials, often in the form of pellets, can be tailored 
to suit specific processing or products.  Some operations do not have the capacity to 
do compounding or to deal with the poor flow properties of low bulk density 
lignocellulosic materials.  Pre-blended composite pellets allow such limitations to be 
overcome.  Producers of lower volume or more complicated products may also turn 
to pre-blended pellets.  Such a distinctly two-step process allows the manufacturer 
to formulate the composite pellets specifically for their process and product.  In the 
case of compression or injection molding the filler content may need to be limited to 
correspondingly reduce material viscosity.   
Since the advent of wood fiber-plastic composites an array of processing 
techniques and technologies have been developed and refined.  From large-scale 
continuous processing of construction materials to complex, specialty products there 
are established means of production.  As other lignocellulosic materials are 
researched and developed for production there will doubtless be more processing 
improvements.   
 
Applications 
To date natural fiber-plastic composites have been produced for a range of 
durable goods applications.  The primary area of application has been in building 
components.  In Europe there has been a greater acceptance of composites in the 
automotive industry for interior panel products.  Finally, there are a host of other 
non-structural applications that traditionally use wood or unfilled plastic.  Based on 
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these applications, and more to come, fiber-plastic composites will continue to 
inhabit and colonize durable products markets.  
Construction materials that aren’t intended for heavy loading make up the 
largest market for natural fiber-plastic composites.  The greatest success for fiber-
plastic composites in the United States has been in decking planks [8, 9].  Decking, 
fencing, and landscape timbers made from composites compete with pressure 
treated lumber products.  Wood component mechanical properties including creep 
resistance, stiffness, and strength are superior to filled thermoplastics.  Conversely, 
fiber-plastic materials proponents tout lower maintenance, durability, and resistance 
to cracking or splintering as advantages over equivalent wood components [6].  
Other construction products that are incorporating fiber-plastic composites are 
traditional millwork components such as moldings, railings, and window and door 
profiles.  One final area of application for composite materials is marine waterfront 
construction elements [10].  Pier supports and docking shock absorbers have been 
investigated as replacements for traditional wood-based components that are 
susceptible to biological attack. 
Some of the first wood fiber-plastic composite materials generated in the 
United States were bound for interior automobile panels [1].  Since the early 1980’s 
environmental concerns increased demand for fiber-plastic composite materials in 
automotive applications in Europe.  Despite a lack of environmental urgency there 
are some U.S. companies that produce fiber-plastic car components.  In fact one 
such company contributed a door quarter panel that contributed to a 4-star side 
impact rating [11].  Other interior molding products for automobiles have been 
investigated [9].           
In addition to the high volume automotive and construction industries there 
are applications for natural fiber-plastic composites on a broader and smaller scale.  
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Most of these applications have traditionally utilized either wood or unfilled 
thermoplastic resins.  Some examples of these products are: pallets, shims, 
cosmetic pencils, tool handles, and office accessories [12].  The broad scope of 
these products indicates that lignocellulosic fiber-plastic composites will continue to 
find applications. 
 
Relationship to Original Research 
The original research presented in this dissertation was performed in 
response to earlier work done in our group [13].  That investigation produced 
dramatic evidence of thermal degradation of lignocellulosic fibers, specifically the 
perennial grass tall fescue (Festuca arundinaceum).  Since pine wood flour has 
demonstrated excellent utility in fiber-plastic composites our group has undertaken 
efforts to reconcile thermal performance and chemical content of lignocellulosic 
materials. 
Initially, biomass materials were chosen to provide a range of potential 
feedstock options.  Corn and soy stover were included as residues from agricultural 
production.  Such materials are widely available on an annual basis in the United 
States. However, they require harvest, transportation, and storage mechanisms that 
are not eminently available.  Corn and soy hulls were investigated as by-products 
from agricultural/industrial processes.  Such materials benefit from existing harvest, 
transportation, and storage infrastructure.  Fescue, switchgrass, pine, and hybrid 
poplar fibers were chosen as potential dedicated biomass crops.  
Chemical compositions of these materials were determined by standard 
methodologies.  The results of this investigation are presented in Chapter 6.  Initial 
examinations of lignocellulosic thermal stability, including hot water extracted 
materials, are also presented in Chapter 6.  Based on the effect generated by hot 
water extraction, a statistical analysis of three pre-treatments on lignocellulosic 
 85 
materials was performed and presented in Chapter 7.  Finally, the effect of these 
pre-treatments on thermal stability was investigated in a thermogravimetric analysis 
experiment presented in Chapter 8.   
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Chapter 5: Thermal Response of Lignocellulosic Materials 
 
Introduction 
Plant-based materials have long been used for durable goods and 
construction materials because of their robust chemical and physical properties.  
These tissues are often referred to as lignocellulosic based on their chief chemical 
components, cellulose and lignin.  Along with other vital components; extractives, 
ash, and hemicelluloses, these two polymeric constituents provide the mechanical 
properties and relative chemical inertness that allow lignocellulosic materials to 
function in lasting applications.  Despite these characteristic advantages, 
lignocellulosics are subject to specific liabilities.  The limitation of interest in this 
dissertation is thermal instability. 
At elevated temperatures plant-based, lignocellulosic biomass is subject to 
thermal degradation.  This action can take different forms depending on the 
temperature and environment that biomass is exposed to.  The primary mechanisms 
of thermal destruction of lignocellulosic materials are: pyrolysis, gasification, and 
combustion.    
Combustion.  Combustion is a multi-step process that exothermically 
oxidizes fuel sources such as lignocellulosic biomass.  In the presence of adequate 
oxygen and heat biomass will undergo the four stages of combustion.  The material 
is initially heated to a point where adsorbed and absorbed moisture are driven off; 
this is the heating and drying phase.  Water in the material stifles the second phase, 
pyrolysis, by regulating the heat of the fuel.  Once adequate temperatures can be 
achieved the intricate process of pyrolysis is initiated.   
The pyrolysis phenomenon is a collection of thermally induced, chemical 
degradation reactions.  Gases such as carbon monoxide (CO), carbon dioxide 
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(CO2), and methane (CH4) are produced, among others.  In addition, a spectrum of 
higher molecular weight, tarry products are generated [1, 2].  The reactions that 
produce these species occur in a thermal front that moves from the fuel’s surface 
inward.  The outrush of these volatile products prevents oxygen from accessing the 
reaction front, thereby inhibiting oxidative combustion within the fuel material. 
Pyrolysis products do eventually diffuse to the fuel surface and surrounding 
air space where they can be oxidized in the third phase which is labeled flaming 
combustion.  This stage ultimately converts volatile pyrolysis products to CO2 and 
H2O.  Prior to complete combustion, volatile intermediates such as CO, condensed 
organic compounds, and soot remain in the reaction mix above the fuel surface.  
Char combustion, the final stage of the combustion process, is characterized 
by solid-gas reactions.  At this point oxygen is able to access the surface of the fuel 
material.  Interaction can either take place at the outer surface or on the surfaces of 
porous chambers created within the fuel during pyrolysis.  Outer surface reactions 
result in fuel particles that shrink in overall size.  Reactions on the surfaces of pores 
contribute to fuel components that retain their overall dimensions but become more 
and more porous.  The overall result is the same for either mechanism; most of the 
solid fuel material is oxidatively converted to heat energy and by-product gases CO2 
and H2O. 
Thermal gasification.  Gasification of biomass or coal has been of 
increasing interest in the United States because it has the potential to produce liquid 
fuels in the absence of petroleum resources [3, 4].  At high temperatures (750-850 
oC) this technique can be used to convert solid carbon or lignocellulosic fuels to 
combustible gas mixes.  Collectively known as producer or syn gas this mixture 
typically contains carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H2), 
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nitrogen (N2), and methane (CH4).  These component gases can be used to 
generate heat by combustion or be converted to liquid fuels or chemicals [3, 4]. 
Thermal gasification is also a four-stage process for converting solid fuel to 
chiefly gaseous products.  The first two stages are identical to those for combustion - 
heating and drying, and pyrolysis.  Solid-gas reactions on the fuel surface are 
encouraged as the next phase by controlling the oxygen and steam content of the 
gasification environment.  These solid-gas reactions come in two types: endothermic 
and exothermic.  Fuel carbon that reacts with either oxygen or hydrogen in the 
reaction environment will generate CO and CH4, respectively, in addition to heat in 
exothermic reactions.  Secondary CO2 or process steam can also react 
endothermically with fuel carbon to produce CO. 
The mix of solid-gas reactants and products with pyrolysis products combine 
to promote gas-phase reactions, the final stage of thermal gasification.  Two primary 
pathways that contribute to the final producer gas mixture are the water-gas shift 
and methanation.  Both of these reactions exothermically convert excess CO to CO2 
and CH4 respectively.  Conditions can be tailored to adjust the ultimate gas mixture. 
Pyrolysis.  Pyrolysis is a thermal decomposition process that can degrade 
lignocellulosic materials as a secondary phenomenon or as a dedicated conversion 
method.  Like gasification, pyrolysis can be achieved under controlled environmental 
conditions of temperature, pressure, and atmospheric composition to convert 
carbonaceous materials to a mixture of char with decomposition liquids and gases.  
Combustion is an example of an instance where pyrolysis is a process element 
secondary to an overall phenomenon.  In any case, pyrolysis is the thermal 
decomposition of carbonaceous materials in the absence of sufficient oxygen for 
combustion. 
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Fast pyrolysis is a controlled thermochemical process by which organic 
feedstock materials are degraded into a mixture of gases, liquids, and char in the 
absence of oxygen.  The modifier “fast” is applied because biomass feedstocks are 
subjected to process temperatures of 400-600oC for as little as 0.5-2 seconds.  
Rapid cooling follows this rapid exposure, or quenching, in order to achieve product 
mixtures composed of mainly high molecular weight organic liquids.  Without such 
quenching decomposition reactions proceed and result in low molecular weight 
gases.   
Liquid products from fast pyrolysis are complex, dark brown, low viscosity 
mixtures.  These mixtures contain up to 15-20% liquid water [5].  The organic 
constituents of fast pyrolysis liquids are grouped by the lignocellulosic components 
from which they originate.  Sugar containing cellulose and hemicellulose molecules 
are the source for acids, aldehydes, furans, and liberated monosaccharides [5].  
Aromatic acids, phenolic molecules, and aldehydes can be ascribed to the lignin 
fraction of biomass feedstocks [5].  The relatively high oxygen content of these 
degradation products depends on feedstock composition and contributes to 
chemical instability.                           
Chemical instability is just one barrier to utilization of fast pyrolysis liquids.  
Acid content, derived from degradation products of the major lignocellulosic 
components, contributes to corrosive properties.  High corrosiveness of pyrolytic 
liquid products complicates handling of these materials.  Additionally, the relatively 
high water concentration presents challenges for conversion and application of 
pyrolytic products.  Phase separation of organic components from water is difficult to 
achieve, necessitating more complex separations than simple mechanical 
decantation.  Elimination of water is necessary to attain useful higher heating values 
from pyrolysis liquids in the range of 17-20 MJ/kg.    
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Fast pyrolysis liquid products have potential and realized applications that 
promote production in spite of conversion and handling issues.  Fast pyrolysis is a 
process that mimics some of the geological conditions that converted prehistoric 
biomass into crude oil.  As such, liquid products from fast pyrolysis are suitable for 
applications that require little refining of petroleum.  One application for which 
pyrolytic fuel is a “drop in” replacement is heating oil.  Stationary power generation, 
in the form of combustion turbines or diesel engines, is another possible end use for 
fast pyrolysis fuels.   
The petrochemical analogy is applicable to potential products from fast 
pyrolysis products.  Under well-controlled conditions fast pyrolysis could be a means 
for producing value added chemical products.  With appropriate production, 
separation, and refining technology fast pyrolysis has the potential to co-generate 
chemicals and fuels.  One of the most promising chemicals associated with 
controlled pyrolysis is levoglucosan [2, 6, 7, 8].  With a number of potential direct 
and secondary derivatives, this decomposition product from cellulose is a 
prospective high value product from biomass conversion [9]. 
Fast pyrolysis, in addition to the initial phases of combustion and gasification, 
is an example of pyrolysis behavior that can be harnessed to generate energy or 
useful products.  As in the case of gasification and combustion, pyrolysis can occur 
as a secondary, or worse, unintended element of treatment of biomass.  There are 
other processes that expose biomass to pyrolysis inducing conditions.  One of these 
is a subject of this dissertation, fiber-plastic composite production.  Melt blending of 
thermoplastic polymeric resins with fibrous biomass is a process that requires 
sufficient heat energy to induce some degree of pyrolytic or thermal degradation.               
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Thermal Degradation 
 When exposed to temperatures approaching and exceeding 200oC 
lignocellulosic materials are subject to thermochemical degradation.  This process 
can occur in the form of vaporized water and low molecular weight organic 
constituents.  Though measurable these effects are not as significant for processing 
or conversion applications as the destruction of chemical bonds that results in 
decomposition of cellulose, hemicellulose, and lignin.   
 As temperature is increased lignocellulosic materials go through three 
decomposition regimes.  Temperatures near 100oC are only capable of vaporizing 
and driving off water or low molecular weight organic molecules.  As with all of these 
regimes, the temperature range of this moisture evolution stage depends on the rate 
of heating.  The next significant thermal effect is hemicellulose degradation [10].  
This is in turn followed by cellulose decomposition [10].  Lignin degradation occurs 
over a much wider range of temperatures and actually spans the thermal effects on 
hemicellulose and cellulose [10, 11]. 
  Several factors can have an influence on the thermochemical degradation 
process for biomass materials.  As mentioned, the process temperature or heating 
rate can attenuate the temperature span of the three basic decomposition regimes.  
The other major factor is atmospheric composition.  In the presence of oxygen the 
onset temperatures for pyrolysis reaction is lowered [12].  Inert atmospheres induce 
wider, later-onset reaction zones.  Finally, inorganic ash species in biomass 
materials demonstrate catalytic effects on pyrolytic reactions [10].   
 Thermochemical decomposition of lignocellulosic materials is an important 
phenomenon to understand in order to optimize conversion and processing 
applications of biomass.  It is also the product of a complex interaction between 
feedstock materials, processing conditions, and reactive chemical species.  For 
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these reasons pyrolysis behaviors of biomass have been the subject of many 
investigations discussed in the remainder of this chapter. 
 
Thermogravimetric Analysis 
Pyrolysis of lignocellulosic materials is such a complex interaction between 
affected materials, chemical components, product gases, conditions, and more that 
a great deal of experimental work has been done to isolate elements and their 
effects.  In order to achieve such isolation, in controlled settings, much of the 
experiments fail to duplicate the actual conditions that induce the pyrolytic behavior 
of interest. 
Much of the work done to investigate pyrolysis phenomena has been done by 
thermogravimetric analysis (TGA).  This is a technique where sample material is 
placed in a weighing pan suspended from a hanging balance.  This balance is 
housed in or can be surrounded by a closed oven chamber.  The balance records 
the tarred mass of the sample as it is subjected to a temperature ramp or program.  
The oven volume can be purged by compressed gas to eliminate ambient gases, 
evolved gases, or volatile decomposition products.    
 This type of setup is useful in that it allows for temperature, time, and sample 
mass determination.  Unfortunately, there are some other elements of pyrolysis 
conditions that TGA does not effectively simulate.  As a laboratory technique most of 
the limitations are associated with specific conditions or scale.   
Heat transfer rate is likely the largest deficiency for TGA pyrolysis 
investigation.  Whether it be for fast pyrolysis or more general assessments of 
lignocellulosic degradation, TGA cannot achieve instantaneous elevated 
temperatures.  Biomass materials are often conveyed pneumatically or mechanically 
into pre-heated conversion apparatus when they undergo pyrolysis.  Such processes 
subject lignocellulosic materials to near instantaneous heating to temperatures up to 
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600oC.  No matter how efficient a TGA oven is that type of heating rate cannot be 
achieved.   
Scale can also be a limitation for TGA simulation of pyrolysis.  Samples are 
typically held in metal pans that hold less than a gram of dry lignocellulosic material.  
Experimentally, this can pose challenges in terms of ensuring a representative 
sample of variable materials like grasses or woody biomass.  In order to test the 
most representative sample the material is packed into the balance pan.  
Unfortunately, this can lead to one of a number of conditional limitations. 
In production or conversion applications lignocellulosic materials are typically 
subjected to well-controlled conditions.  During fast pyrolysis small particles of 
biomass are rapidly injected, by a carrier gas, into and through a short reaction 
zone.  At this point heat transfer is an issue, but another is the diffuse nature of the 
biomass feedstock.  This is nothing like the packed environment that TGA samples 
encounter.  Alternately, in fiber-plastic composite production, lignocellulosic particles 
are surrounded by a virtual hermetic seal of molten thermoplastic resin.  Traditional 
TGA setups will not be able to mimic these conditions either.  Because of the 
delicate and intricate interactions between material components and reaction 
conditions, TGA cannot be a direct investigative tool for the response of 
lignocellulosic materials to pyrolysis.   
 
Experimental Investigations 
Despite the limitations encountered in laboratory investigations of 
thermochemical degradation of lignocellulosic materials, there is a body of literature 
and ongoing work in the subject area.  Even if the results are not directly 
transferable to biomass in application, conclusions can be drawn regarding 
lignocellulosic in the specific parameters of TGA or other techniques. 
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  A recent TGA-based study generated preliminary findings en route to 
producing a kinetic model for biomass thermal degradation [12].  This work by 
Mezaros et. al. revealed some logistical conclusions about their TGA setup.  
Biomass particle size had no effect on thermal response.  This allows for testing of 
materials of different origin without time consuming processing to size equivalency.  
They also determined that atmospheric oxygen in the TGA oven zone had no 
discernable effect on the weight loss of samples until nearly 220oC.  This is an even 
more important result when applied to the work in this dissertation.  The applied 
temperature range for fiber-plastic composites tops out at or before 220oC.  
Therefore, in this temperature range, any TGA investigation of biomass feedstocks 
for fiber-plastic composites should not be affected by the choice of purge gas.  
 Chemical composition and thermal degradation.  Since pyrolytic thermal 
degradation affects the chemical character of lignocellulosic materials it can be 
hypothesized that biomass of different origin and composition will have a range of 
responses to pyrolytic conditions.  Lignocellulosic materials have varied and variable 
chemical compositions as indicated in Chapters 1-3 of this dissertation.    
Contrary to the assumption that different materials respond distinctively, 
Mezaros et. al. reported that young branches from plantation hardwoods (Populus, 
Robinia pseudoacacia, Salix) were indistinguishable from the perennial grass 
Miscanthus sinensis [12].  More traditional results were reported in a paper by 
Varhegyi with bulk samples of chestnut (Castanea sativa) and beech (Fagus spp) 
[13].  Moreover, varied growing location of the chestnut samples produced an effect 
as observed on TGA curves.  Species and growing location effects were preserved 
even after solvent extraction and water washing.  
 Some novel work has been done recently to investigate the relationship 
between the chemical composition of biomass and the pyrolysis products that they 
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generate [14].  Brown et al. utilized molecular beam mass spectroscopy to correlate 
primary pyrolysis vapor products with wet chemical analysis of biomass samples.  
Multivariate analysis of the results generated three useful identification factors.  One 
factor can facilitate statistical separation of hardwood and softwood samples based 
on pyrolysis products.  Leaf, needle, and bark tissues could also be statistically 
isolated and even ranked by their extractive content based on associated pyrolysis 
vapor analysis. 
 Beyond the basic chemical composition there may also be molecular, 
ultrastructural, and morphological characteristics that predispose biomass materials 
to their thermochemical behavior.  An analysis of biomass materials as combustion 
fuels indicated that the structural composition of lignocellulosic tissues is a 
differentiating factor [15].  Granted, this is a combustion study but it has already 
been well established that lignocellulosic pyrolysis is essential for combustion. 
 Inorganic ash content is a well-known factor in thermochemical behavior of 
lignocellulosic materials.  Two different fractions of ash can be found in biomass.  
Plant tissues accumulate inorganic mineral species through the course of 
physiological processes leading to some amount of inherent ash in biomass.  Other 
important sources of ash contamination are feedstock processing and handling 
steps [15].  Inherent ash contents are much more thoroughly distributed within 
lignocellulosic materials.  Pretreatment can effectively remove both inherent and 
contaminant ash from biomass materials.  In some cases pretreatment can be as 
simple as waiting.  Switchgrass, Miscanthus, and other perennial grasses leach ash 
species back into the soil after senescence [16].       
Pretreatment of biomass.  Efforts have been made to influence the pyrolytic 
behavior by pre-treating samples.  In some cases this has been done to affect the 
pyrolysis products [17].  In other experiments pretreatments have been introduced to 
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produce differences in chemical constituent groups like extractives and inorganic 
ash [13].    
A wide range of pretreatment protocols has been investigated.  One such 
method involved combining aqueous alkali impregnation with ethylene glycol or 
propylene glycol to achieve hydrolysis of carbohydrate molecules [17].  One 
important effect, as it relates to this research, was that pre-hydrolysis treatment 
limited the temperature range to which the samples were exposed.  The boiling 
temperatures of propylene glycol and ethylene glycol are 210oC and 225oC, 
respectively.  The result is lower temperature pyrolytic degradation of the sample 
materials, thereby selecting a narrower band of pyrolysis products.     
Pretreatments that are intended more for laboratory experiments tend to have 
similar and repeatable results.  Hot water washing or extraction is commonly 
credited with removing inorganic ash contents from biomass [13].  Organic solvent 
pretreatments are intended to remove some fraction of low molecular weight 
extractive compounds [13]. 
 
Summary 
Biomass used in fiber-plastic composites functions, after being exposed to 
thermal conditions, span from those applied to durable goods to ones used for 
irreversible conversion or degradation.  Plant-based, lignocellulosic materials have 
long been utilized in durable goods for construction, furnishings, packaging, and 
more.  For these applications the biomass elements are rarely exposed to 
temperatures in excess of 150oC.  In other industries lignocellulosic materials are 
being utilized or investigated for applications or processing that require thermal 
degradation for conversion into chemicals, fuels, or other materials.  Because fiber-
plastic composite processing operates on the periphery of these two regimes it is of 
concern when new materials are being considered. 
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  A number of factors can contribute to the thermal stability of a lignocellulosic 
material in a given application.  There are three gross mechanisms for 
thermochemical degradation of biomass: combustion, gasification, and pyrolysis.  
Based on common operational conditions, pyrolysis is the phenomenon most 
associated with fiber-plastic composite production.  Thermal degradation by 
pyrolysis is dependent on a number of variables including; particle size, atmosphere, 
and heating rate.  The chemical composition of lignocellulosic materials is another 
factor.  It is this interaction between composition and thermal stability that is 
investigated in the remainder of this dissertation.      
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Abstract: 
Biomass materials are being investigated and utilized in an ever-widening 
sphere of industrial scale applications.  As this realm of utilization expands, 
fundamental knowledge of potential feedstocks becomes paramount.  This study 
was undertaken to observe the chemical composition and thermogravimetric 
behavior of one set of biomass materials.  This set includes fibers or ground portions 
of: corn stover, corn hulls, soy stover, soybean hulls, switchgrass, fescue, and pine 
wood.  Standard analytical methods were implemented for the fractional 
determination of the major chemical constituents comprising each material.  These 
sample materials were also subjected to thermogravimetric analysis (TGA) both 
before and after hot water extraction.  The appropriation of chemical species varied 
amongst the materials.  However, the TGA results were nearly uniform for all 
materials tested within the profile of 25 to 300oC.  Hot water extracted materials 
demonstrated better thermal stability than did the native forms of biomass. 
 
Introduction: 
Bio-based or natural fiber-plastic composites have been the subject of some 
investigation for this group in recent years.  One point of focus has been materials 
composed of thermoplastic polymers and natural fibers, traditionally wood fibers 
from pine species.  Compounding is often achieved in a heated, screw conveyed 
extruder [1].  Under controlled conditions of heat and screw shear two dissimilar 
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components (thermoplastic resin and natural fibers) can be blended.  The resulting 
composite material can be profile extruded or subsequently injection molded or 
otherwise processed for utilization. 
The impetus for compounding natural fibers and thermoplastic resin lies in the 
advantages over neat and mineral or glass filled polymer composites.  Depending on 
the price of raw materials, replacing some volume of costly petrochemical polymers 
with less expensive natural fibers may result in production cost reduction.  Natural 
fibers lend flex and tensile stiffness or strength to the material at a fraction of the 
cost of glass or other inorganic filler material.  In addition, inclusion of bio-based 
fibers can reduce machine wear, energy consumption, and cycle times during 
manufacture. 
As these materials grow in popularity there is some concern that sufficient 
wood fiber resources will not be available for thermoplastic composite applications.  
Currently most of the wood material is generated as waste from millwork.  Lacking a 
dedicated or readily expandable source of fibrous feedstock from wood, the growing 
natural fiber filled thermoplastics industry will likely incorporate any of a range of 
replacement materials.  A number of recent investigations have examined other 
plant-based, lignocellulosic fibers often utilized in the form of ground, powdery flour 
feedstocks.  Initial indications are that other lignocellulosic materials have varying 
degrees of success as replacements for pine wood [1, 2, 3].      
During extrusion compounding the natural fibers and thermoplastic resin are 
placed in an “energetic” environment.  Considerable shear energy and elevated 
temperatures are required to render the thermoplastic molten and intimately blend 
the fibers into the polymer matrix.  Operating temperatures in the range of 110oC to 
200oC or more are required [1, 2].  This may not seem high by industrial standards, 
however, exposure to the top end of this range (170-200oC) results in observable 
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thermal degradation of the natural fibers in the compounded melt blend.  Most 
evident responses are darkening of the fibers in the composite material or the 
evolution of a strong odor [1].   
These thermo-chemical changes affecting lignocellulosic fillers are the result 
of initial reactions in the process of pyrolysis, or thermal decomposition in the 
absence of sufficient oxygen for combustion.  Low temperature degradation of 
lignocellulosic materials can be attributed to relatively low molecular weight species 
constituents including hemicelluloses, extractives, and inorganic ash.  Scission of 
the organic extractives and hemicelluloses promotes volatilization and possible 
secondary reactive species.  Inorganic ash is known to play a role in catalyzing 
pyrolysis reactions in lignocellulosic materials, thereby allowing for degradation at 
lower temperatures.   
As temperatures are increased the larger polymeric molecules of 
lignocellulosic tissues are subject to pyrolytic effects.  Lignin degradation is known to 
span the temperature range that affects hemicellulose and cellulose.  This broad 
response is likely attributed to lignin’s amorphous and diversely interlinked 
character.  Cellulose is subject to dehydration reactions and hydrolysis especially in 
the more thermally labile amorphous regions of the molecular ultrastructure.  Such 
decomposition has the capacity to go beyond aesthetic changes in filler material.  
Disruption of the larger, structural molecules of natural fibers has the potential to 
degrade the mechanical properties that they contribute to composite materials.   
Observed empirically, a variety of lignocellulosic materials exhibit a range of 
thermal stability responses to temperatures required for compounding with 
thermoplastics by extrusion.  These materials represent some portion of the 
spectrum of chemical compositions naturally occurring for plant-based tissues.  
Excluding minor variations in cell types and tissue porosity, the main distinguishing 
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characteristic of these materials is the chemical composition.  Therefore, it can be 
surmised that thermal stability of lignocellulosics correlates to their relative chemical 
contents.            
This apparent interplay between constituent chemical species and thermal 
behavior requires a thorough understanding of the composition of any natural fibers 
of interest.  Therefore, a compositional analysis of the chosen materials was un-
dertaken to determine the percent contributions from: ash, alpha cellulose, hemi-
cellulose, lignin, and several extractable fractions.  Subsequent thermogravimetric 
analyses (TGA) of these materials were undertaken to elucidate any dependence of 
thermal stability on the overall composition of the fibrous materials.   
 
Materials: 
Biomass materials were chosen to provide a range of potential feedstock 
options.  Corn and soy stover were included as residues from agricultural 
production.  Such materials are widely available on an annual basis in the United 
States [4].  However, they require harvest, transportation, and storage mechanisms 
that are not eminently available.  Corn and soy hulls were investigated as by-
products from agricultural/industrial processes.  Such materials benefit from existing 
harvest, transportation, and storage infrastructure.  Fescue, switchgrass, and pine 
fibers were chosen as potential dedicated biomass crops.  The potential for 
switchgrass as a dedicated crop has been investigated and forwarded as a species 
with great potential [5].  Pine wood represents a large proportion of plantation wood 
currently grown in the United States for forest products [6].  As a raw material, pine 
is likely too valuable to be grown solely for fiber-plastic composites.  However, 
unused industrial material, such as sawdust and milling waste, is well suited for melt 
blended composites upon further processing to a ground dry flour material [7].  
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Corn stover was obtained from the Bio-Mass Agri Products (B/MAP) in 
Harlan, Iowa.  Grain Processing Corporation of Muscatine, Iowa submitted the corn 
hull material.  Soy hulls were procured from South Dakota Soybean Processors in 
Volga, South Dakota.  A private farm near Marshalltown, Iowa donated the soy 
stover material.  Prairieland Bio Products Incorporated in Centerville, Iowa provided 
the switchgrass.  Fescue was obtained from the Iowa Forage and Grassland 
Council.  Pine flour was acquired from American Wood Fibers in Schofield, 
Wisconsin.  
Due to the nature, origin, and handling of the sample materials, it is possible 
that their native chemical compositions were not completely maintained.  Potential 
contamination, principally by inorganic matter, during harvesting, processing, and 
storage of all of the sample materials could not be held as a controlled condition. 
Further, storage methods and duration prior to procurement were also left 
uncontrolled.  Therefore, some slight degree of fungal or oxidative degradation may 
not be accounted for.  Therefore, the physical characteristics of the sample materials 
are given as tested, and may not be reported as harvested.    
All of the above materials were comminuted by grinding to a powdery flour 
consistency and screened to pass a 40 mesh screen (0.40 mm).  The pine material 
was prepared as a commercial wood flour product from the American Wood Fibers 
Company.  All of the other sample materials were ground in a laboratory scale Wiley 
mill.  Upon procurement and processing the sample materials were air dried, then 
stored in sealed plastic bags at ambient conditions.   
 
Methods: 
Chemical composition of the biomass materials was determined by standard 
wet chemical analyses.  Procedures for the determination of ash, holocellulose, and 
alpha cellulose were taken from Han and Rowell [8].  Hot and cold water solubility, 
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as well as solvent (benzene/ethanol) extractives content were determined by TAPPI 
methods T 207 om-88 [9] and T 204 om-88 [10] respectively.    
Thermogravimetric analysis was carried out with a TA Instruments AutoTGA 
2950HR.  These analyses were performed on approximately 10 mg samples in a 
platinum weighing pan.  The atmosphere for the analyses was 100 ml/min air.  The 
samples were exposed to a temperature profile from 25oC to 300oC at a rate of 
5oC/min.  A high resolution protocol was employed.  This technique allowed for 
adjustments in the temperature ramp rate to acquire greater detail in the weight loss 
data over regions of rapid change.  
Statistical analysis of the chemical composition and TGA data was performed 
with the JMP software package version 6.0 from SAS Institute.  The raw data and 
analytical results can be found in Appendix A.  
 
Results: 
These data are presented for unaltered bulk samples, as well as those that were 
subjected to hot water extraction.  Combined composition and TGA results were 
used as a basis for determining the correlation between the chemical content of 
fibrous lignocellulosic materials and their resistance to thermal degradation.  
 
Compositional chemical analyses of the materials investigated are 
summarized in Table 6.  These summary averages do not represent mass closure 
for any of the materials.  Individual constituent analyses were performed on 
independent samples.  Therefore, slight gaps or overlaps in the component values 
can arise, particularly holocellulose and lignin, producing deviation from mass 
closure.   
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Table 6: Biomass Materials Chemical Composition - Weight % on an Oven Dry 
Basis.a 
         Hot Water  Solvent      
Fiber Type Extractives b Extractives b    Holocellulose c α-cellulose c   Hemicellulose d Lignin c, e  Ash b 
Corn Stover 12.02 3.80 56.27 17.13 39.14 20.30 7.19 
Corn Hull 12.82 6.21 74.83 55.61 19.22 2.00 0.58 
Soy Stover 11.54 3.49 74.71 56.95 17.16 20.66 6.27 
Soy Hull 22.26 5.57 69.30 29.05 40.25 2.88 5.05 
Fescue 12.71 3.39 72.08 53.11 18.97 19.75 4.76 
Switchgrass 12.66 5.48 70.85 53.74 17.11 22.94 3.59 
Pine Wood 5.71 4.87 72.82 64.40 8.42 26.39 0.19 
        a  Values given are averages of three independent determinations.     
b Determined as percent of total biomass dry weight.    
c  Determination based on extractives free oven dry sample.    
d  Hemicellulose determined by difference of holocellulose and alpha cellulose.   
e  Lignin determination includes protein content, ranging from 1% in wood to as much as 10% in grasses. 
 
Overlay TGA data plots for all of the biomass materials are given in Figures 8 
and 9.  Figure 8 represents the unaltered bulk samples, while Figure 9 plots the data 
produced by hot water extracted samples of all the materials.  Error bars, 
representing standard error, for bulk pine and switchgrass samples are displayed in 
Figure 8 to demonstrate TGA measurement repeatability.      
 
Discussion: 
Inorganic ash.  Inorganic ash content can greatly influence the utility of 
biomass for processing technologies or applications.  Mineral inorganic species, 
primarily silica, is capable of chronic wear on metal components of processing 
equipment.  Alkali ash components increase reactant or chemical requirements in 
acid reactions or pretreatments.  Finally, in thermochemical conversions or 
applications ash components catalyze pyrolytic degradation reactions [11, 12].  In 
some cases this can be a benefit, albeit an uncontrolled one.  Thermoplastic 
composites production involving natural fiber can suffer from machine wear in 
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addition to mechanical deterioration, discoloration, and offensive odor evolution in 
filler material as a result of elevated ash content.   
Ash contents of the materials studied agree with literature data and can be 
divided into two groupings: those under 1% contribution, and those between 3-8% 
[13, 14, 15, 16, 17, 18].  A comparison of all mean pairs using Tukey-Kramer HSD 
demonstrates that within these subsets two pairings are statistically similar.  Corn 
hull and pine flour, as well as soy hull and fescue, have overlapping ash contents 
with a 0.24% significance.  This distribution represents decreasing ash content from 
production residues, to processing residues and grasses, to woody biomass.  The 
herbaceous stover, grass, and soy hull materials contain a much larger proportion of 
ash than do pine or corn hulls.  
Empirical examination of the TGA plots indicates no direct correlation 
between ash content and thermal stability.  The two materials with ash content 
below 1% exhibit dramatically different responses to a thermal profile.  Pine wood 
demonstrates the greatest stability at high temperatures, whereas corn hull is 
subject to significant degradation especially at low temperatures.  For much of the 
temperature profile the materials with ash content in the 3-8% range fall between the 
low ash materials.  This data indicates that ash content has no direct effect on 
thermal stability for the temperature range examined.    
Lignin.  The amorphous, phenylpropane-based polymer lignin is a structural 
component in biomass.  As such, it contributes to mechanical and chemical 
properties of biomass in processing or ultimate utilization.  Because of its complex 
inter-unit linkages, lignin is susceptible to acid and base conditions, as well as 
thermochemical degradation over a range of temperatures.  Operating temperatures 
for fiber-plastic composites compounding are included in this range of potential 
thermal instability.   
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Lignin content determinations correspond with literature values [13, 14, 15, 16, 17, 
18].  The results of these measurements also break down into three groupings when 
the means are compared by Tukey-Kramer HSD with an overall test significance of 
5%.  The hull materials both contain less than 3% lignin.  Both stover materials, as 
well as fescue, exhibit lignin contents from 19.7 to 20.7%.  Pine and switchgrass 
both have lignin contents of over 22%. The low lignin materials respond differently to 
a temperature ramp at temperatures lower than 260oC; this corresponds mainly to 
volatile species of extractive and hemicellulose origin.  Empirically, the materials with 
higher lignin content demonstrated less thermal degradation below 260oC.  At the 
upper end of the temperature range pine was the only sample that resisted thermal 
degradation.  Again, there appears to be no direct correlation between lignin content 
and the thermal stability of biomass materials.    
Holocellulose.  Holocellulose, a catch-all indicator of all polysaccharides in 
biological materials, is represented uniformly in all of the tested materials.  Corn 
stover is the only statistical outlier with a holocellulose content of 56.27%.  The rest 
of the materials have approximately 70% holocellulose.  These numbers are not a 
good indication of the mechanical reinforcing capability or thermal stability of the 
materials.  For greater understanding of the materials, the cellulose and 
hemicellulose fractions must be determined. 
Alpha cellulose.  With the exception of the two hull materials, alpha cellulose 
content is at least 30% of the total dry, extractives free, sample weight of the 
materials.  These data are in agreement with previous literature data [13, 14, 15, 16, 
17, 18].  Pine wood represents the expected maximum value of 64.4%.  Both hull 
materials demonstrate a marked lack of alpha cellulose with contents well below 
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50%.  Percent alpha cellulose is a good indicator of the mechanical reinforcing ability 
and likely the thermal stability of materials as well.  Alpha cellulose consists 
predominantly of cellulose molecules in a highly ordered crystalline arrangement.  
Therefore, elevated levels of alpha cellulose contribute increased mechanical 
properties in lignocellulosic materials.  If there is sufficient interaction between 
biomass filler and polymeric matrix, then as alpha cellulose content increases the 
mechanical performance of fiber-plastic composites should improve.  An ancillary 
benefit of the crystalline nature of alpha cellulose is that it contributes thermal, as 
well as mechanical, hardiness.     
Most of the TGA data confirms the expectation that alpha cellulose correlates 
with thermal performance.  However, fescue was a notable exception to the 
hypothesis.  With relatively high alpha cellulose content (38.28%), fescue 
demonstrated the poorest thermal stability, especially at temperatures between 
230oC and 300oC.  Alpha cellulose content for the rest of the materials corresponded 
favorably with the TGA results.  
Hemicellulose.  This is the only fraction of the biomass material that was not 
directly measured.  An estimate was calculated by subtracting alpha cellulose from 
holocellulose.  These derived numbers have the most error, as well as variability, 
associated with them.  As mentioned above, hemicellulose is suspected of being 
responsible for thermal reactivity and degradation. 
The greatest concentrations of hemicellulose were present in the corn stover 
and soy hull materials from corn and soybeans at 39.14% and 40.25%, respectively.  
Corresponding to established data, the other materials fell in a range from 8 to 20% 
[13, 14, 15, 16, 17, 18].  The materials with the highest hemicellulose content did 
demonstrate susceptibility to thermal degradation, especially the corn stover 
samples at temperatures lower than 250oC.  Corn hull and fescue, with  
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hemicellulose contents of 19.22% and 18.99%, respectively, also exhibited less 
marked but poor thermal stability in the temperature range from 230oC to 260oC.  
Although pine, with the lowest hemicellulose (8.42%), did support the hypothesis 
that hemicellulose content contributes to reduced thermal stability, the rest of the 
data indicates no specific trend.   
Extractives.  Hot water extraction resulted in a fairly normal distribution.  Pine 
flour was at the bottom of the curve at 5.71% and Soybean hulls registered 22.26% 
on the high end.  The rest of the materials came in at approximately 12%.  Hot water 
extraction, or washing, is a good indicator of the free sugars in lignocellulosic 
materials.  Upon comparison to the TGA plots the hot water extractives content 
matches directly with the thermal response of all the materials.  Pine wood samples 
had the lowest concentration of hot water extractives and demonstrated the best 
overall thermal stability.  Conversely, soybean hulls, corn hulls, and fescue, with the 
highest contents of hot water extractives, resisted thermal degradation the least.   
The character of the benzene/ethanol extractives data was markedly flat in 
comparison.  All of the values grouped around 5% extractives content.  The low was 
soybean stover at 3.39% and corn hull at 6.21% was the highest.  Extractives 
content is expected to correlate to thermal performance.  Based on molecular 
mobility and reactivity these species volatilize or react as part of the thermal 
degradation process.  Therefore, elevated levels of extractives should decrease the 
thermal stability of lignocellulosic materials.  This hypothesis could not be confirmed 
because the sample materials failed to produce variation in the extractive contents 
required to determine effects. 
Thermogravimetric analysis.  Thermogravimetric analysis is a technique 
that registers the mass of a sample as it is exposed to a controlled temperature 
profile.  Analyses were performed on hot water extracted and native samples of 
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each material.  Resulting weight loss data is given in Tables 7 and 8 for native and 
extracted materials, respectively.   
Comparison of the data from tables 7 and 8 demonstrates the effect of 
extraction with hot water on the thermal stability of biomass samples.  For bulk 
samples weight loss accelerates at approximately 200oC and continues on to the 
end of the thermal profile.  A similar examination of the hot water extracted sample 
data reveals that acceleration doesn’t begin until around 240oC.  Hot water 
extraction can be expected to remove inorganic ash components, free sugars, and 
other water soluble carbohydrate fractions.  The data for these components does not 
correspond to the marked effect generated by hot water extraction.  Interaction 
effects between chemical components could be obscuring any negative correlations 
that individual hot water soluble components impart on thermal stability of 
lignocellulosic material.  Unfortunately, in this study the chemical components are 
inextricably linked within a given species.    
Even without a suitable mechanism, the shifting effect of hot water 
pretreatment on the major onset of thermal degradation for lignocellulosic materials 
by 40oC could have significant processing and product quality ramifications.  
Reduced thermal degradation of filler materials has the potential to improve the 
aesthetic and mechanical properties of composite products.  The minimum logistical 
advantage of such a temperature shift is a broader range for operating conditions.       
A specific example of the effect of hot water extraction is depicted graphically 
for switchgrass in Figure 10.  The weight percent for extracted and native 
switchgrass diverges by 50oC then holds a uniform separation until around 210oC.  
From that point to 275oC the curves deviate the most where they rejoin and actually 
cross. Tukey-Kramer comparisons of mean weight percentage data at discrete 
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temperatures between 50 and 300oC indicate statistically significant increases for 
extracted samples above 150oC. 
   
Table 7: TGA Data for Bulk Biomass Samples. 
Weight Percent (%)  
T,°С soy stover soy hull corn stover corn hull switchgrass fescue pine 
25 100 100 100 100 100 100 100 
150 94.98 94.47 95.79 95.05 96.22 95.89 95.92 
200 94.44 93.29 95.26 94.38 95.21 95.22 94.49 
220 93.58 90.34 94.52 93.81 93.58 94.06 93.59 
240 90.13 84.37 90.57 86.56 88.15 84.86 92.00 
260 77.28 73.65 70.01 69.06 69.40 59.61 86.52 
270 68.38 64.60 60.95 61.73 60.70 51.61 80.55 
280 55.72 56.26 51.83 56.10 51.55 45.37 70.14 
290 41.15 50.15 44.36 50.02 41.73 40.45 40.01 
300 37.46 45.59 40.48 46.40 38.32 36.8 37.55 
 
Table 8: TGA Data for Hot Water Extracted Biomass Samples. 
Weight Percent (%)  
T,°С soy stover soy hull corn stover corn hull switchgrass fescue pine 
25 100 100 100 100 100 100 100 
150 97.05 97.84 97.66 97.30 97.82 97.19 97.15 
200 96.71 97.43 97.46 97.11 97.63 96.99 96.81 
220 96.30 96.88 97.24 96.82 97.43 96.79 96.55 
240 94.72 94.06 96.05 89.34 96.61 95.96 95.89 
260 85.80 88.24 85.67 68.83 86.50 83.26 92.28 
270 77.21 84.10 74.71 62.52 74.38 73.51 87.52 
280 60.14 78.42 49.38 56.02 51.60 59.48 76.46 
290 39.12 69.99 40.43 47.22 39.86 39.66 41.70 
300 35.34 54.42 37.18 43.89 36.76 36.33 38.71 
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Conclusions: 
This study was an investigation of the chemical composition and thermal 
stability of an array of lignocellulosic materials that could function as fillers in natural 
fiber-plastic composites.  Standardized wet chemical analysis of these materials 
generated data in agreement with literature values.  With the exception of benzene-
ethanol extractives, the compositional data demonstrated sufficient variation to 
investigate correlations between chemical composition and thermal stability of 
biomass materials. 
Thermal stability, as demonstrated by TGA, was affected by two of the 
compositional elements of the lignocellulosic materials.  Samples that contained 
lower levels of lignin resisted mass loss longer than those with higher lignin 
amounts.  Therefore, elevated lignin contents are associated with more easily 
liberated components that contribute to greater mass loss at lower temperatures.   
Hot water extraction had an even greater effect on the thermal response of 
lignocellulosic materials.  Removal of hot water extractives leads to greater thermal 
stability of biomass materials.  This effect could be the result of a number of factors.  
Removal of labile low molecular weight saccharides reduces the amount of materials 
that can be rendered volatile by elevated temperatures.  Inorganic ash species are 
also susceptible to hot water extraction.  By removing naturally occurring in situ 
pyrolytic catalysts hot water treatment can reduce the scale of destructive reactions, 
especially in the temperature range associated with fiber-plastic composite 
production.  
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Paper 2: Extraction of Natural Fibers as a Thermo-Stabilizing 
Pretreatment 
 
Modified from a paper to be submitted to Wood and Fiber Science 
 
Carter Johnson, Douglas D. Stokke 
 
Abstract: 
In a continuing effort to understand the relationship between the chemical 
composition of biomass materials and their thermal stability, the effect of extraction 
time and solvent systems on three types of biomass was investigated.  Switchgrass, 
hybrid poplar, and pine were selected as potential dedicated biomass crops for 
extraction pretreatment.  Soxhlet extraction, utilizing hot water, ethanol, and 
benzene/ethanol solvent systems, was applied to these materials.  Additionally, 
these solvent-material combinations were executed over five time spans (1, 3, 6, 12, 
and 24 hours).  It was determined that all of the combinations of solvents and 
biomass materials could achieve asymptotic maxima for extractive removal prior to 
the 24-hour mark.  Hot water treatment of switchgrass samples removed more 
extractives than organic solvents, whereas the woody materials demonstrated the 
opposite effect.  Ethanol removed extractives more efficiently than the 
ethanol/benzene system for all materials.             
 
Introduction: 
Production and analysis of natural fiber-plastic composites have been 
subjects of investigation for this group.  These materials are composed of 
thermoplastic polymers and natural fibers, traditionally wood fibers from pine 
species.  Processing of fiber-plastic composites typically involves compounding in a 
twin-screw extruder.  The distinct materials, natural fibers and thermoplastic resin, 
are blended together under process conditions of heat and screw shear.  
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Subsequent profile extrusion or injection molding are some of the ways the resulting 
molten composite materials are processed for utilization. 
The combination of natural fibers with thermoplastic resins has the capacity to 
provide property advantages over neat and mineral or glass filled polymer 
composites.  Production cost reduction may be achieved by replacing some volume 
of costly petrochemical polymers with less expensive natural fibers.  Properties like 
flex and tensile strength can be improved by incorporation of natural fiber 
reinforcements into composite materials at a fraction of the cost of glass or other 
inorganic filler material.  In addition, process conditions such as machine wear, 
energy consumption, and cycle times during manufacture can be reduced by 
inclusion of bio-based fibers. 
Currently most of the natural fibrous feedstock material for composites is 
Western pine wood from millwork waste.  As the markets for these materials grow 
there is some concern that sufficient clean, dry, wood fiber resources will not be 
available for thermoplastic composite applications.  Lacking a dedicated or readily 
expandable source of fibrous feedstock from wood, the growing natural fiber-filled 
thermoplastics industry will likely incorporate any of a range of replacement 
materials.  A number of recent investigations have examined other plant-based, 
lignocellulosic fibers often utilized in the form of ground, powdery flour feedstocks.  
These studies indicate that other lignocellulosic materials may be suitable as 
replacements for pine wood [1, 2, 3].    
One factor that has an impact on fiber-plastic composites processing and 
product quality is the thermal stability of lignocellulosic feedstock materials. 
Operating temperatures in the range of 110oCto 200oC or more, in addition to screw 
imparted shear energy, are required to melt the thermoplastic resins and blend them 
with natural fibers [2, 3].  Past investigations have demonstrated that different types 
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of fibrous biomass materials respond differently to the elevated temperatures and 
shear required for blending thermoplastic polymers with lignocellulosic materials.  
Darkening of the fibers in the composite material or the evolution of a strong odor 
are the most evident degradation effects [3]. 
Preliminary pyrolysis reactions are responsible for odor generation and color 
changes associated with natural fiber fillers.  Pyrolysis is the process of thermal 
decomposition in the absence of sufficient oxygen for combustion.  Low molecular 
weight constituents including hemicelluloses, extractives, and inorganic ash are 
most likely attributed to low temperature degradation of lignocellulosic materials.  
Chemical bonds in organic extractives and hemicelluloses are ruptured at elevated 
temperatures, thereby promoting volatilization and possible secondary reactive 
species.  Inorganic ash is known to play a role in catalyzing pyrolysis reactions in 
lignocellulosic materials, thereby allowing for degradation at lower temperatures.   
The larger polymeric molecules of lignocellulosic tissues are subject to 
pyrolytic effects in even higher temperature ranges.  As a result of its randomly 
bonded amorphous chemical character, lignin degradation occurs over a wide 
temperature range that include those that affect hemicellulose and cellulose [4].  As 
a crucial structural molecule, cellulose dehydration reactions and hydrolysis in the 
more thermally labile amorphous regions of the molecular ultrastructure can have an 
impact on material properties.  Disruption of the larger, structural molecules of 
natural fibers has the potential to degrade the mechanical properties that they 
contribute to composite materials.   
Various lignocellulosic materials exhibit a range of thermal stability responses 
to processing temperatures for compounding with thermoplastics by extrusion.  
Excluding minor variations in cell types and tissue porosity, the main distinguishing 
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characteristic of these materials is the chemical composition.  Thermal stability of 
lignocellulosics may therefore depend on their relative chemical contents.             
Experimental work, described in Paper 1 of this dissertation, has established 
that the chemical composition of lignocellulosic materials influences the ability of 
natural fibers to resist thermal decomposition.  One simple means for affecting 
change in the chemical composition is solvent extraction of labile chemical species.  
Earlier work indicated a strong interaction between hot water extractives removal 
and increased thermal stability.  The organic solvent system ethanol/benzene 
demonstrated little effect; however, there was no significant variation for such 
extractives in the materials tested.     
This study was undertaken to determine the efficacy of extractives removal 
from lignocellulosic materials by three different solvents (water, ethanol, and 
benzene).  Three different fibrous materials (pine wood, hybrid poplar wood, and 
switchgrass) were subjected to Soxhlet extraction over five different time spans (1, 
3, 6, 12, and 24 hours).  Varied extraction times have generated fibrous biomass 
materials of different organic solvent extractives contents for future thermal stability 
investigations. 
 
Materials: 
A previous investigation, presented in Paper 1 of this dissertation, included 
biomass materials chosen to provide a range of potential feedstock options.  This 
experiment focused more on perennial crops that are currently utilized or have been 
investigated widely as potential sources of dedicated biomass.  The utilization of 
switchgrass as a dedicated crop has been investigated and forwarded as a species 
with great potential [5, 6, 7].  Hybrid poplar plantations are potentially widespread 
sources of short-rotation woody biomass [8].  Pine wood represents a large 
proportion of plantation wood currently grown in the United States for forest products 
 125 
[9].  As a raw material, pine is likely too valuable to be grown solely for fiber-plastic 
composites.  However, unused industrial material, such as sawdust and milling 
waste, is well suited for melt-blended composites upon further processing to a 
ground dry flour material [10].   
Switchgrass sample material was obtained from Prairieland Bio Products 
Incorporated in Centerville, Iowa.  Dr. Richard Hall and his research group at Iowa 
State University submitted chipped hybrid poplar wood for this work.  Industrially 
ground and sifted pine wood flour was acquired from American Wood Fibers in 
Schofield, Wisconsin.  
Due to the nature, origin, and handling of the sample materials, it is possible 
that their native chemical compositions were not completely maintained.  Potential 
contamination, principally by inorganic matter, during harvesting, processing, and 
storage of all of the sample materials could not be held as a controlled condition.  
Further, storage methods and duration prior to procurement were also left 
uncontrolled.  It is possible that some slight degree of fungal or oxidative 
degradation may not be accounted for.  Therefore, the physical characteristics of the 
sample materials are given as tested, and may not be reported as harvested.    
All of the above materials were comminuted by grinding to a powdery flour 
consistency and screened to pass a 40-mesh screen (0.40 mm).  The pine material 
was prepared as a commercial wood flour product from the American Wood Fibers 
Company.  All of the other sample materials were ground in a laboratory scale Wiley 
mill.  Upon procurement and processing the sample materials were air dried and 
subsequently stored in sealed plastic bags at ambient conditions.   
 
Methods: 
The pre-treatment technique for all of the samples was a modification of 
TAPPI test method T 204 om-88, solvent extractives of wood and pulp [11].  
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Samples in the range of 5-10 g were placed in extraction thimbles and brought to 
bone dry in an oven at 105±3°C.  Sample and thimble were subsequently weighed 
and recorded.   
Sample thimbles were then placed in Soxhlet extraction units.  Water, 
ethanol, or a 1:2 mixture of ethanol and benzene were added in the amount of 200ml 
to a 500ml round bottom flask.  Boiling chips were added to the round bottom flask 
to prevent bumping.  The round bottom flask, extraction apparatus, and water-cooled 
condenser were assembled and mounted in a heating mantle.  In a ventilated 
chemical fume hood, the mantle temperature was adjusted to achieve a minimum of 
six extractions per hour.  Extraction was allowed to proceed for the prescribed time 
period.  The extraction times investigated were: 1, 3, 6, 12, and 24 hours. 
  The samples and thimbles were cooled, drained of any excess solvent, and 
washed with water for hot water extractions and ethanol for organic solvent 
extractions.  The samples and thimbles were then dried to constant weight in an 
oven at 105±3°C.  Dried sample and thimble were then weighed and recorded.  The 
weight percent of extractives was calculated as follows: 
Extractives (wt.%) = [(Wi – We)/Wi] x 100 
Where: 
Wi = weight of initial bone dry sample and thimble in grams 
We = weight of extracted and dried sample and thimble in grams  
 
Results: 
The extraction data generated in this experiment are presented in a series of 
plots beginning with Figure 11.  All of these figures are plotted as extractives 
removed versus extraction time.  Each data point represents, at minimum, three 
individual determinations.  The effects of the three solvent systems, as extraction 
pretreatments, on each of the biomass species are presented in Figures 11 through 
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13.  This representation of the data enables the determination of any solvent and 
extraction time effects on the individual lignocellulosic material types.   
The data are re-cast to demonstrate the response of all three biomass 
materials to a specific solvent system in Figures 14 through 16.  In this format the 
data can be inspected for the responses of different biomass materials to 
pretreatment solvents and extraction time.   
Discussion: 
When the data is presented from the perspective of the biomass species in 
Figures 11-13 several trends are readily apparent.  For all of the biomass materials 
ethanol removes more extractable materials than the ethanol/benzene mix with the 
exception of short extraction times for the woody samples.  This result indicates one 
of two conclusions.  The first is that the solvent capability of ethanol is at least as 
good as benzene for the components found in switchgrass, hybrid poplar, and pine.  
A second conclusion is that some fraction of the benzene soluble component of 
these materials is either re-redeposited on the fibrous biomass during extraction or 
can’t be driven off during post-extraction drying.  In either case the logistical benefit 
indicated is that the more hazardous benzene can be omitted from organic solvent 
pre-treatment of biomass if the intent is maximum removal of soluble components.  
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Despite the fact that they contained only small amounts of extractive species, 
the woody biomass materials were preferentially extracted by organic solvents.  This 
indicates a higher proportion or greater accessibility of resinous or otherwise 
hydrophobic molecular species in woody tissues.  This grouping of chemical 
components spans such a wide range of molecular weights and properties that it is 
more difficult to establish a direct relationship to thermal stability.  Conversely, hot 
water extractives were demonstrated to have a negative effect on lignocellulosic 
thermal stability.  Such components were present in low amounts , roughly 5% or 
less, for both pine and hybrid poplar.  Low overall extractives amounts in woody 
biomass are typified by the resinous pine samples containing a maximum 7 weight 
percent.    
In contrast, switchgrass possesses higher proportions, by weight, of 
extractives removed by all of the solvent systems.  Hot water extractives 
approaching 12% indicate poorer thermal stability according to earlier findings, 
presented in Paper 1.  At the same time, removal of these water soluble components 
may result in thermal stability comparable to that of woody biomass. 
A final observation from all of these data plots is that 12 hours of treatment 
fully extracts all of the materials.  The TAPPI test method calls for 24 hours for full 
extraction of wood.  These results indicate a shorter time frame.  The practical 
implication is that successful pretreatment of biomass may be optimized for time or 
exposure.  In a commercial setting this could translate to optimizations in time, 
energy, and materials in pilot or industrial scale applications for biomass 
pretreatment.      
The data in figures 14-16 represent the thermal responses of all three 
biomass materials to one of the potential pretreatment solvent systems.  Rank order 
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of extractive content is consistent throughout.  Switchgrass demonstrates the 
highest proportion of extractable material for all of the solvent systems followed by 
pine, the more resinous woody species, followed by hybrid poplar samples had the 
lowest extractive content for all of the pretreatments.  
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Conclusions: 
All three factors investigated in this experiment demonstrated some effect on 
the results of extraction as a pretreatment of biomass.  As extraction time is 
increased extractives removed increases rapidly to an asymptote at the 12-hour 
level.  Even shorter time spans remove extractive contents approaching the 
asymptotic limit.   
By fixing the pretreatment solvent system the data indicate that the 
descending rank order of extractives content is switchgrass followed by pine wood, 
and finally hybrid poplar wood.  This trend was consistent for all of the pretreatment 
factors.  This effect can be capitalized on in subsequent work investigating different 
levels of extractable materials in a specific biomass species.  Additionally, the 
extracted flour materials from all of the treatments could be chemically analyzed to 
determine which components were removed by pretreatment. 
Finally, the more hazardous ethanol/benzene solvent system is outperformed 
by ethanol alone for all of the biomass species.  Further work is required to 
determine the physical or chemical mechanism for this unexpected result.  Even in 
the absence of an explanation, and if confirmed, this result has logistical 
implications.  If one intends to remove organic solvent extractives a less hazardous 
alternative is available.    
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Paper 3: Thermal Response of Pretreated Fibrous Biomass Materials 
 
Modified from a paper to be submitted to Wood and Fiber Science 
 
Carter Johnson, Douglas D. Stokke 
 
Abstract: 
The relationship between chemical composition and the thermal stability of 
fibrous biomass materials has been a recent area of investigation for this group.  
Previous work investigated the effect on hot water, ethanol, and ethanol/benzene 
extraction of fibrous biomass samples.  Thermogravimetric analysis (TGA) results for 
extracted and bulk samples of switchgrass, hybrid poplar, and pine are reported.  
Solvent treatments promote some effect to improve the thermal stability of all three 
biomass materials.  Organic solvents are responsible for improvements in the 
temperature range from 25oC-250oC.  Hot water treatments have a stabilizing effect 
for 250oC and above.  Thermal stability of woody samples increased with longer 
extraction time.         
 
Introduction: 
This group has recently investigated thermal stability of fibrous biomass 
feedstocks for fiber-plastic composites.  These materials are produced by 
commingling thermoplastic resins with plant-based, lignocellulosic reinforcing fillers.  
Pine wood waste from milling or other processing operations has traditionally been 
the primary source of reinforcing material.  The distinctive feedstock materials are 
transferred and melt blended by rotating screws in an extrusion barrel under 
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controlled heat and shear conditions.  The resulting composite materials can be 
processed for utilization by profile extrusion or subsequent injection molding. 
Fiber-plastic composites have been demonstrated to provide advantages over 
neat thermoplastic resins, as well as composites filled with mineral or glass 
materials.  Flexural and tensile strength are among the mechanical properties that 
can be enhanced.  Production cost reduction can be achieved by replacing some 
volume of costly petrochemical polymers with less expensive natural fibers.  
Practical processing improvements associated with biomass fillers are reduction of 
the following: machine wear, energy consumption, and manufacturing cycle times. 
Based on these material and processing benefits the production and 
utilization of fiber-plastic composites has grown.  There are resulting concerns that 
current non-dedicated sources of pine wood feedstock won’t keep pace with 
production needs.  In response, there have been numerous investigations of 
alternative lignocellulosic materials in the form of ground flour feedstocks.  Initial 
indications are that other lignocellulosic materials have varying degrees of success 
as replacements for pine wood [1, 2, 3].   
One complication associated with some lignocellulosic feedstocks that this 
group has encountered and investigated is thermal degradation.  The natural fibers 
and thermoplastic resin must endure an “energetic” environment during extrusion 
compounding.  Shear energy, imparted by conveying screws, and elevated extrusion 
barrel temperatures are required to render the thermoplastic molten and thoroughly 
blend the fibers into the polymer matrix.  This can mean operating temperatures in 
the range of 110oC-200oC or more, depending on the resin in use [2, 3].  By 
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industrial standards this may not seem high; however, exposure to the top end of 
this range (170oC-200oC) can result in thermal degradation of the natural fibers in 
the composite material.  Strong odor and darkening of the fibers within the plastic 
matrix are the most evident responses to thermal degradation [3].   
In a recent experiment, thermal degradation, as detected by 
thermogravimetric analysis (TGA), was correlated to the hot water extractives 
content of seven lignocellulosic materials.  Follow up work presented in Paper 2 
investigated the effect of hot water, ethanol, and ethanol/benzene extraction 
pretreatments on switchgrass, hybrid poplar, and pine flour materials.  This 
experiment demonstrated treatment time and solvent system effects on the 
lignocellulosic samples.   
Continued evaluation of thermal stability and chemical content is presented in 
this paper.  Sample materials, chemically stratified by pretreatment time and solvent, 
from a past experiment were evaluated by TGA for thermal response profiles.     
 
Materials: 
This experiment focused on perennial crops that are current or potential 
sources of dedicated biomass.  Switchgrass has been investigated as a dedicated 
biomass crop and described as a species with great potential [4, 5, 6].  Another 
potentially widespread source of short-rotation woody biomass is plantation hybrid 
poplar [7].  Pine wood represents a large proportion of plantation wood currently 
grown in the United States for forest products [8].  Because pine is likely too 
valuable to be grown solely for fiber-plastic composites its utilization has been 
limited to unused industrial material such as sawdust and milling waste.  From these 
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waste streams pine wood is well suited for melt-blended composites upon further 
processing to a ground dry flour material [9].   
Switchgrass sample material was obtained from Prairieland Bio Products 
Incorporated in Centerville, Iowa.  Dr. Richard Hall and research group at Iowa State 
University submitted chipped hybrid poplar wood for this work.  Industrially ground 
and sifted pine wood flour was acquired from American Wood Fibers in Schofield, 
Wisconsin.  
All of the above materials were ground to a powdery flour consistency and 
screened to pass a 40-mesh screen (0.40 mm).  The pine material was acquired as 
a commercial wood flour product from the American Wood Fibers Company.  A 
laboratory scale Wiley mill was used to grind all of the other sample materials.  Upon 
procurement and processing the sample materials were air dried, then stored in 
sealed plastic bags at ambient conditions.   
Finally, the lignocellulosic materials were subjected to extraction pretreatment 
in a factorial experiment.  Switchgrass, hybrid poplar, and pine four samples were 
treated at various extraction times and solvent systems.  All combinations of the 
experimental factors, listed in Table 9, were applied to the biomass samples.  After 
drying and extractives analysis the samples from each treatment combination were 
blended and stored in sealed plastic bags. 
Table 9: Treatments from Factorial Extraction Experimenta 
pine X benzene/ethanol switchgrass X benzene/ethanol hybrid poplar X benzene/ethanol 
pine X ethanol switchgrass X ethanol hybrid popar X ethanol 
pine X hot water switchgrass X hot water hybrid poplar X hot water 
a All of these combinations were treated by each level of extraction time (1, 3, 6, 12, 24 hours) 
 143 
 
Methods: 
Thermogravimetric analysis was carried out with a Perkin Elmer TGA 7.  
These analyses were performed on approximately 10 mg samples in an aluminum 
weighing pan.  The atmosphere for the analyses was 100 ml/min air.  The samples 
were exposed to a temperature profile from 25 to 325oC at a rate of 5oC/min.   
Results: 
 Based on the treatment combinations investigated in this experiment, the 
effects on lignocellulosic materials are of two types: solvent effects and extraction 
time effects.  Since it is possible for pine, hybrid poplar, and switchgrass samples to 
respond to solvent and time treatments, TGA plots that demonstrate effects are 
grouped by the three types of lignocellulosic material. 
Due to the sheer volume of data generated by a single TGA run, all of the 
data will be cast in the traditional weight percent versus temperature graphs.  In 
order to preserve space the TGA data generated in this study will be displayed in 
overlay figures where multiple TGA runs are displayed together.  Additionally, only 
those overlay plots that demonstrate an effect or a salient point will be presented in 
this paper.  
Statistical analysis of the chemical composition and TGA data was performed 
with the JMP software package version 6.0 from SAS Institute.  The raw data and 
analytical results can be found in Appendix A.  Error bars for bulk samples are given 
as standard error determined for repeated determinations at discrete temperatures.  
Tukey-Kramer HSD mean comparisons were performed with α = 0.1.   
Discussion: 
 Treatment combinations of the factors solvent system and extraction time 
contributed to a range of responses for each biomass sample type as demonstrated 
by TGA weight percent plots.  In some cases no discernable difference could be 
 144 
detected between the levels of either the solvent or extraction time factors.  Those 
effects that were perceptible are presented in the following discussion. 
 Pine.  Solvent effects on pine flour at extraction times of one and 12 hours 
are demonstrated in Figures 17 and 18 respectively.  In both cases the organic 
solvents promote greater thermal stability.  This indicates that the relatively low 
molecular weight extractive moieties in pine wood are the most susceptible to 
thermal degradation, especially at temperatures below 250oC.  For the one hour 
extraction time, the temperature at which 5% of the sample mass is lost (95% 
retention) is improved by nearly 50oC.  As these biomass samples were not oven dry 
when tested 95% retention is an estimate of the contribution of moisture and volatile 
compounds to the overall sample mass.  Further, Tukey-Kramer HSD comparison of 
means indicates statistically significant differences in sample mass weight 
percentage between bulk and ethanol extracted samples in the temperature range 
from 200-250oC.  This indicates a significant improvement in thermal stability at the 
upper threshold of typical operating temperatures.   
The 12-hour extraction time produces only slight improvements in the 95% 
retention temperature.  However, means ANOVA of the data demonstrates 
significant interaction between solvent system and weight percent in the temperature 
range 50-275oC.  Means comparisons in the same temperature range indicate 
statistically significant improvement in thermal stability for benzene/ethanol and 
ethanol extracted samples as demonstrated by sample weight percent.  Hot water 
extraction provided statistically significant improvements in weight percent in the 
temperature range 100-200oC. 
 Effects of the levels of extraction time with benzene/ethanol and hot water are 
presented in, Figures 19 and 20 respectively.  With the exception of the 3-hour 
extraction time curve Figure 19 demonstrates an incremental increase in thermal 
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stability with prolonged benzene/ethanol extraction pretreatment.  Means ANOVA of 
the benzene/ethanol extracted pine samples demonstrates statistically significant 
interaction between weight percent and extraction time in the temperature range 
from 50-275oC.  Means comparisons of the data in this range indicate that the 
statistically significant increases are achieved between the untreated samples and 
those extracted for three hours.  Beyond the three hour point all of the resultant TGA 
data is statistically similar. 
More dramatic results are found when pine samples were treated with hot 
water over increasing extraction times.  Analysis of variance over the temperature 
range from 175-250oC indicates statistically significant interaction between weight 
percent and hot water extraction time.  Furthermore, the longest extraction times 
promote the greatest improvement in weight percent as demonstrated by Tukey-
Kramer HSD.   
Such results indicate that the thermally labile chemical components of pine 
wood that are susceptible to hot water extraction are more intrinsically bound to the 
material.  This would indicate that hot water extraction affects hemicelluloses and 
other low molecular weight polysaccharides.  As in column or thin layer 
chromatography, elution time can be affected by either chemical interaction or size 
exclusion.  In this case hemicellulose transit can be inhibited by hydrogen bonding 
with “stationary” cellulose molecules.  Similarly, the close packed cell wall structure 
of pine would promote the size exclusion effect.  Reactive hemicellulose molecules 
have been associated with low temperature degradation in lignocellulosic materials 
[10].  This is further evidence for attributing the stabilizing effect to removal of 
hemicellulose molecules. 
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Hybrid poplar.  Solvent effects on hybrid poplar samples are plotted in 
Figures 21 and 22. Figure 21 represents the general trends for both woody biomass 
materials.  In this plot the benzene/ethanol treated sample has the least weight loss 
for temperatures below 250oC.  This is to be expected since organic solvent 
extractives are thermally degraded at lower temperatures [10].  Hot water treatment 
improved the thermal stability of hybrid poplar above 250oC.  This result corresponds 
to removal of chemical species such as hemicelluloses or sugars that degrade at 
higher temperatures than extractives.  The effect of longer hot water extraction times 
is reinforced in Figure 22. 
Switchgrass.  Solvent effects on switchgrass samples were uniform for all 
extraction times.  The data from six-hour treatments of switchgrass samples, in 
Figure 23, demonstrates the general trend.  As with the woody sample materials, 
benzene/ethanol extraction most affects thermal stability below 250oC.  Likewise, 
treatment with hot water extends sample mass retention to higher temperatures.   
The overlay plots for extraction time effects demonstrate a negative 
correlation between treatment time and sample mass retention.  Analysis of variance 
for ethanol extracted switchgrass samples in the temperature range 175-250oC 
demonstrates a statistically significant negative interaction between weight percent 
and extraction time.  Both organic solvent systems gave similar results exemplified 
by ethanol extraction plots in Figure 24.  It is possible that extended extraction 
treatment with organic solvents results in structural damage to the sample material.  
Alternatively, there may be some effect on the crystallinity or degree of 
polymerization of cellulose in switchgrass.  Future investigations into the chemical 
and structural character of organic solvent treated switchgrass samples may 
contribute to better understanding of this destabilizing effect.                    
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Figure 24: TG
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Conclusions: 
 The effects of chemical composition on the thermal stability of fibrous 
lignocellulosic materials were investigated by thermogravimetric analysis of 
extraction pretreated samples.  Pine, hybrid poplar, and switchgrass samples were 
examined after being treated by all possible combinations of three solvent systems 
and five treatment times.  The results generated from this full factorial experimental 
design demonstrated effects due to both solvent and extraction time factors. 
 Distinct solvent effects, attributable to extractives and hemicelluloses, were 
determined for all three lignocellulosic materials.  Samples of woody and grass 
biomass treated with benzene/ethanol demonstrated increased mass retention 
between 25oC and 250oC, whereas hot water extracted samples evinced greater 
thermal stability for temperatures above 250oC.  The low temperature effect is linked 
with the elimination of extractives the biomass samples.  Removal of hemicelluloses 
or other polysaccharides explain the higher temperature effect produced by hot 
water washing. 
 Due to the nature of the molecular species they removed, the organic solvent 
and hot water treatments resulted in different effects due to extraction time variation.  
More mobile, low molecular weight extractives were effectively removed even at 
short treatment times.  This conclusion can be based on the immediate effect on 
thermal stability for one-hour extractions with benzene/ethanol.  Conversely, the 
most marked effects of hot water extraction were not obvious until treatment times 
reached 3 to 6 hours.  Inherent chemical functionality and size effects impede the 
ability of water soluble, polysaccharide molecules to escape the sample material.  
These same molecules are typically susceptible to thermal degradation at higher 
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temperatures than extractives.  Therefore slow removal of hot water soluble species 
imparts increased resistance to sample mass loss at elevated temperatures. 
 Treatment of switchgrass samples with organic solvents produced an 
unaccountable effect.  Under treatments of increasing extraction time the 
switchgrass samples became less resistant to thermal degradation.  Further 
investigation will be required to determine a mechanistic explanation for this result. 
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General Conclusions 
Synopsis of Research 
 This research endeavor was initiated by the question:  is the chemical 
composition of biomass related to its thermal stability?  After observing a foul 
smelling and darkened fiber-plastic composite sample from a mill trial of several 
natural fibrous filler materials, thermal stability appeared to be a prudent avenue of 
investigation.  The research contained in this dissertation is a preliminary 
investigation of what features of lignocellulosic materials contribute to variations in 
thermal stability. 
 The concept of the initial experiment was to chemically characterize a broad 
spectrum of lignocellulosic materials (corn hull, corn stover, fescue, pine, soy hull, 
soy stover, and switchgrass) and determine their thermal stability.  The result was a 
complex collection of chemical composition and thermogravimetric analysis (TGA) 
data.  For most of the chemical components determined, the collection of biomass 
materials gave a range of weight percent data.   
When compared to the TGA output the biomass chemistry demonstrated 
several trends.  Hemicellulose content had a rough negative correlation to thermal 
stability.  Species with lower levels of lignin were determined to be more thermally 
stable.  Finally, samples that were extracted with hot water demonstrated a marked 
improvement in resistance to weight loss when compared to untreated samples. 
Hot water pretreatment of biomass had the greatest effect on thermal stability 
of biomass in the first experiment.  In addition, some fraction of hemicellulose should 
be susceptible to organic solvent or hot water extraction.  Finally, the lignin content 
of biomass could only be affected by more rigorous chemical treatment.  As a result 
of all of these observations, it was determined that the second experiment would 
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investigate the effect of extraction as a means of pretreating lignocellulosic 
materials.   
This second investigation afforded the opportunity to exercise more 
experimental control.  Three species (hybrid poplar, pine, and switchgrass) were 
selected to be exposed to different treatments of extraction time (1, 3, 6, 12, 24 
hours) and solvent system (benzene/ethanol, ethanol, and hot water).   
This full factorial experiment provided clear evidence of several trends in the 
data.  The highest concentrations of extractives were consistently removed from 
switchgrass regardless of solvent.  Relating back to the first experiment, this agrees 
with the relative thermal stability compared to pine.  Pine was the intermediate 
biomass material while hybrid poplar had the lowest extractive content for all three 
solvent systems.  Another trend in the data was that all of the solvent and biomass 
combinations reached maximum extraction prior to the 24-hour time.  Tappi test 
methods specify this 24-hour treatment for full extraction of wood.  The experimental 
results indicate that extraction as a pretreatment, not a test method, can be done in 
less time.  Finally, ethanol removed more extractives from all of the lignocellulosics 
than the benzene/ethanol combination in extractions lasting 6 hours or longer.      
Samples generated by all of the treatment combinations of the full factorial 
experiment were subsequently tested for thermal stability by thermogravimetric 
analysis.  Resultant data plots were combined as overlays in order to determine 
effects generated by either varied solvent systems or a range of extraction times.  
Data for the three sample species materials demonstrated solvent and treatment 
time effects. 
The woody biomass samples responded similarly to the treatment 
combinations.  Thermal stabilization of pine and hybrid poplar samples was 
positively affected by benzene/ethanol extraction, especially at shorter extraction 
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times.  Hot water washing improved the thermal stability of both woody species for 
higher applied temperatures.  This effect was more marked for extraction times of six  
hours or more. 
With a few exceptions switchgrass samples behaved similarly to pine and 
hybrid poplar.  Hot water washing had a greater stabilizing effect at shorter 
extraction times.  Organic solvent extraction produced an unexpected effect with 
respect to treatment time.  As extraction time increased the high temperature 
stability of switchgrass samples decreased.  A suitable explanation for this result will 
require further investigation of the treated samples. 
 This work was instigated by the question: does the chemical composition of 
biomass influence the thermal stability in the temperature range used for natural 
fiber-plastic composite processing?  The initial experiment confirmed a correlation 
between the chemical content of lignocellulosic materials and resistance to thermal 
degradation.  
 Further work demonstrated the effect of extraction pretreatment on the 
mass of woody and herbaceous biomass.  Ultimately, the pretreated samples were 
investigated for quantification of the correlation between the content of extractable 
components and resistance to thermal degradation.  At this point effects have been 
determined, quantification and possible prediction remain to be undertaken. 
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Recommendations for Future Work 
 As with most scientific investigations, this work generated more questions 
than it did answers.  While we have a better general understanding of the 
relationship between the chemical composition and thermal stability of lignocellulosic 
materials, there are a host of new associated questions to examine.  This discussion 
will follow the order of topics covered in the papers presented in the foregoing 
dissertation. 
The initial investigation of chemical composition and thermal stability 
determined for a group of lignocellulosic materials presented topics for further 
investigation.  Some of these were examined in subsequent pretreatment and 
thermogravimetric analysis (TGA) experiments.  The complexity of the lignocellulosic 
materials, as well as the information generated by thermogravimetric analysis, allow 
for future work.  
Questions still remain about the relative contributions of chemical composition 
and other, species specific, characteristics to thermal degradation.  Is thermal 
stability solely linked to the relative amounts of chemical constituents?  Structural 
elements of lignocellulosic materials were not considered in any of the experiments 
presented in this dissertation.  Measurable features of lignocellulosic materials such 
as porosity, percent crystalline cellulose, and cell wall density could all be added to 
the variables that could correlate with thermal stability.  A similar experiment to that 
presented in Paper 1 could demonstrate the contribution, if any, of structural 
features of biomass to thermal stability. 
Another area of possible experimentation is to develop standardized methods 
for interpreting complex TGA output data.  Determining the possible effects 
generated by discrete characteristics or treatment combinations is limited by the 
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continuous and convoluted TGA output data.  Investigation of a subset of these data 
may be one approach.  Even more limiting would be to “boil down” the output to one 
number such as area under the curve.  This has potential for statistical applications 
where matched pairs of independent and dependent variables are preferred.  
Unfortunately, such an approach obscures the nuance of the output curve.  It is 
vexing to “waste” the quality and sheer quantity of the data generated by a single 
TGA run. 
One topic for further consideration from the first two experiments in this 
dissertation is to investigate the “fate” of materials pretreated by extraction.  This 
work demonstrated the effects that solvent and extraction time had on the amount of 
extractives that were liberated from various lignocellulosic materials.  The 
unanswered question is what the chemical composition, and even the structural 
condition, of these materials after extraction?  The results found in Paper 2 indicate 
the amount of extractives liberated, but not their character.  Such an investigation 
has the potential to more specifically point to the chemical components most 
responsible for mass loss at temperatures below 300oC.  For instance, determination 
of the amount of inorganic ash removed by hot water extraction could help to 
quantify what, if any, catalytic ash has on lignocellulosic degradation during fiber-
plastic compounding. 
One potential approach to chemical characterization of extracted materials is 
actually TGA.  A method has been developed to determine macromolecular 
components from biomass by TGA [1].  This technique has the capability to 
determine the weight percent of cellulose and lignin.  Further work has been done to 
include hemicellulose determination, a more complex measurement as 
hemicellulose composition varies between and within individual plant or tree species.  
The analytical technique involves transforming the TGA data into a derivative curve 
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or DTG.  Subsequent mathematical manipulation of the DTG curve results in fraction 
estimates of lignin and cellulose.  This type of application is what I referred to as a 
standardized method for analysis of TGA data.  Demonstrating this technique on the 
biomass materials investigated in this dissertation would be a definite area of 
interest for further research.  
Another widely investigated means of applying TGA to biomass issues is 
investigating the kinetics of pyrolysis reactions.  Like the chemical determination 
method described above these investigations depend on mathematical manipulation 
of TGA data.  Additionally, kinetic determinations are mainly focused on the three 
main components of biomass: cellulose, hemicellulose, and lignin.      
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Appendix A: Raw Data 
Paper 1 Output 
Sample 
 Moisture,% 
  wt.b weighting dish s+dish result 
 1 2.5095 0.9563 3.2856 0.07181 
soy stover 2 2.2879 0.9523 3.0685 0.07505 
 3 2.1518 0.9549 2.9477 0.07389 
 mean    0.07358 
 stdev    0.00164 
      
      
 1 2.1802 0.9519 2.9566 0.08050 
 2 2.4889 0.9489 3.2401 0.07943 
soy hull 3 2.3195 0.9554 3.0866 0.08118 
      
      
 mean    0.08037 
 st dev    0.00088 
      
 1 2.0777 0.957 2.8777 0.07556 
 2 2.1552 0.957 2.9486 0.07591 
corn stover 3 2.2604 0.9569 3.0458 0.07587 
      
 mean    0.07578 
 stdev    0.00019 
      
      
 1 2.0564 0.9526 2.8922 0.05680 
 2 2.1338 0.952 2.9659 0.05619 
cour hull 3 1.4125 0.9517 2.2858 0.05550 
 mean    0.05616 
 stdev    0.00065 
      
      
 1 2.2915 0.9539 3.0846 0.07017 
switch grass 2 2.1759 0.9525 2.9766 0.06976 
 3 2.398 0.9514 3.183 0.06939 
 mean    0.06978 
 stdev    0.00039 
      
      
 1 2.5937 0.9509 3.3791 0.06381 
 2 2.2627 0.9544 3.0722 0.06404 
fescue 3 2.089 0.9528 2.9111 0.06257 
 mean    0.06347 
 stdev    0.00079 
      
      
 1 2.3949 0.9475 3.1923 0.06267 
pine 2 2.5769 0.954 3.374 0.06089 
 3 2.6837 0.9464 3.461 0.06301 
 4 2.3131 0.9483 3.1223 0.06014 
 mean    0.06168 
 stdev    0.0014 
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Sample  Ash%     
       
  sample, b sample,a crucible s+cr.,a result 
 1 2.6507 2.4557 31.6662 31.8216 0.06328 
soy stover 2 2.4902 2.3070 32.9544 33.0954 0.06112 
 3 2.4271 2.2485 33.4751 33.6186 0.06382 
 mean     0.06274 
 stdev     0.00143 
       
       
 1 2.5436 2.3392 30.5909 30.7067 0.04950 
 2 2.7191 2.5006 33.6577 33.7829 0.05007 
soy hull 3 2.7428 2.5224 34.7741 34.90509 0.05193 
       
       
 mean     0.05050 
 st dev     0.00127 
       
 1 2.5735 2.3785 32.9091 33.087 0.07480 
 2 2.4521 2.2663 29.2943 29.4468 0.06729 
corn stover 3 2.3758 2.1958 34.2317 34.3933 0.07360 
       
 mean     0.07189 
 st dev     0.00403 
       
       
 1 2.6321 2.4843 32.9543 32.9698 0.00624 
 2 1.6504 1.5577 32.7319 32.7422 0.00661 
cour hull 3 2.0317 1.9176 32.3269 32.3357 0.00459 
 mean     0.00581 
 st dev     0.00108 
       
       
 1 2.8935 2.6916 31.7296 31.8267 0.03608 
switch grass 2 2.6838 2.4965 30.5579 30.6468 0.03561 
 3 2.8134 2.6171 31.3276 31.4215 0.03588 
 mean     0.03585 
 stdev     0.00023 
       
       
       
 1 2.243 2.1006 29.3875 29.4901 0.04884 
 2 2.196 2.0566 32.9089 33.0054 0.04692 
fescue 3 2.27 2.1259 29.2941 29.3943 0.04713 
 mean     0.04763 
 stdev     0.00105 
       
       
 1 2.7725 2.6015 33.6579 33.6631 0.00200 
pine 2 2.7686 2.5978 30.7399 30.7444 0.00173 
 3 2.9913 2.8068 29.5428 29.5482 0.00192 
       
 mean     0.00188 
 stdev     0.000138 
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 Sample Hot Water Extractives    
       
soy stover  wt.b wt.a s+p fpaper result 
 1 2.3749 2.2002 4.4471 2.4825 0.1071 
 2 2.3728 2.1982 4.3568 2.4286 0.1228 
 3 2.2388 2.0741 4.27 2.437 0.1162 
 mean     0.1154 
 st dev     0.0079 
       
       
soy hull 1 2.3563 2.1669 4.0286 2.3461 0.2236 
 2 2.462 2.2641 4.13 2.3755 0.2251 
 3 2.5056 2.3042 4.2531 2.4755 0.2285 
 4 2.4186 2.2242 4.1277 2.3774 0.2131 
       
 mean     0.2226 
 stdev     0.0067 
       
corn stover 1 2.544 2.3512 4.431 2.362 0.1200 
 2 2.4254 2.2416 4.3498 2.378 0.1204 
 3 2.4011 2.2191 4.3974 2.445 0.1202 
       
 mean     0.1202 
 stdev     0.0002 
       
       
cour hull 1 2.0458 1.9309 3.8738 2.1877 0.1268 
 2 2.0044 1.8918 3.8538 2.2038 0.1278 
 3 1.875 1.7697 3.7089 2.1694 0.1301 
 mean     0.1282 
 stdev     0.0017 
       
switch 
grass       
 1 2.5586 2.3801 4.5015 2.4102 0.1213 
 2 2.5414 2.3641 4.4281 2.368 0.1286 
 3 2.4756 2.3029 4.4619 2.4585 0.1300 
 mean     0.1266 
 stdev     0.0047 
       
       
       
fescue 1 2.2746 2.1302 4.0532 2.1902 0.1254 
 2 2.2514 2.1085 4.0105 2.1819 0.1327 
 3 2.3816 2.2304 4.1609 2.2052 0.1232 
 mean     0.1271 
 stdev     0.0050 
       
pine       
 1 2.5083 2.3536 4.4362 2.2144 0.0560 
 2 2.507 2.3524 4.4139 2.203 0.0601 
 3 2.3436 2.1990 4.3085 2.231 0.0553 
       
 mean     0.0571 
 stdev     0.00263 
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 Sample Cool Water Extractives    
       
soy stover  wt.b wt.d s+p fpaper result 
 1 2.1035 1.9487 3.9471 2.2085 0.1078 
 2 2.1365 1.9793 4.1655 2.3862 0.1010 
 3 2.3925 2.2165 4.3915 2.4205 0.1107 
 mean     0.1065 
 st dev     0.0050 
       
soy hull 1 2.2993 2.1145 4.169 2.4433 0.1839 
 2 2.3158 2.1297 4.0027 2.1747 0.1417 
 3 2.71 2.4922 4.2294 2.175 0.1757 
       
       
 mean     0.1671 
 st dev     0.0224 
       
corn stover 1 2.2606 2.0893 4.2935 2.3642 0.0766 
 2 2.3995 2.2177 3.4878 1.4916 0.0999 
 3 2.5953 2.3986 3.6895 1.504 0.0889 
       
 mean     0.0884 
 stdev     0.0116 
       
       
cour hull 1 1.8924 1.7861 3.912 2.2314 0.0591 
 2 2.3385 2.2072 4.3143 2.2027 0.0433 
 3 1.8657 1.7609 3.8102 2.1415 0.0524 
 mean     0.0516 
 stdev     0.0079 
       
switch grass       
  2.3272 2.1648 3.4935 1.5556 0.1048 
  2.377 2.2111 3.586 1.5555 0.0817 
  2.4501 2.2791 3.5965 1.563 0.1078 
 mean     0.0981 
 st dev     0.0143 
       
       
fescue  2.2546 2.1115 4.1014 2.261 0.1284 
  1.9727 1.8475 3.8593 2.1979 0.1007 
  2.125 1.9901 3.9327 2.1757 0.1171 
 mean    0.1154  
 stdev    0.0139  
       
pine       
 1 2.3753 2.2288 4.3505 2.1681 0.0208 
 2 2.5096 2.3548 4.476 2.1746 0.0227 
 3 2.467 2.3148 4.4624 2.2 0.0227 
       
 mean     0.0220 
 stdev     0.00107 
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 Sample  Solvent Extractives    
soy stover  sample,b sample,a thimble weigh dish s+thimble extrct+wd result 
 1 2.2644 2.0978 1.8714 67.3095 3.8586 67.3771 0.03222 
 2 2.4105 2.2331 1.9438 61.3976 4.0587 61.4747 0.03453 
 3 2.4892 2.3060 1.9285 61.2539 4.1059 61.3396 0.03716 
 4 2.3766 2.2017 1.8669 30.5927 3.9458 30.6712 0.03565 
 mean       0.03489 
 stdev       0.00208 
         
soy hull 1 2.4202 2.2257 1.9338 67.4477 4.0329 67.564 0.05225 
 2 2.329 2.1418 2.0715 61.279 4.079 61.3976 0.05537 
 3 2.3295 2.1423 2.5785 67.3111 4.5828 67.4385 0.05947 
 4 2.4754 2.2765 2.3467 61.2785 4.4875 61.409 0.05733 
 5 2.3011 2.1162 1.9403 61.2553 3.9436 61.37 0.05420 
 mean       0.05572 
 stdev       0.00279 
         
corn stover 1 2.4473 2.2618 1.8388 117.9877 3.9873 118.072 0.03727 
 2 2.2955 2.1215 1.9206 61.3682 3.9315 61.464 0.04516 
 3 2.6096 2.4118 2.413 61.2553 4.7754 61.3378 0.03421 
 4 2.21 2.0425 2.5387 30.5905 4.4907 30.6627 0.03535 
 mean       0.03800 
 stdev       0.00494 
         
cour hull 1 2.1121 1.9935 1.9322 61.2789 3.8084 61.4106 0.06607 
 2 2.0405 1.9259 1.8915 67.3104 3.7179 67.4173 0.05551 
 3 2.1506 2.0298 1.9201 61.2811 3.8195 61.4123 0.06464 
 mean       0.06207 
 stdev       0.00573 
         
switchgrass        
 1 2.384 2.2176 1.9214 61.2805 3.9753 61.3936 0.05100 
 2 2.241 2.0846 1.934 61.2583 3.8737 61.3682 0.05272 
 3 2.4773 2.3044 1.9282 67.3118 -- 67.4477 0.05897 
  2.5092 2.3341 1.9034 61.2789 -- 61.4109 0.05655 
 mean       0.05481 
 stdev       0.00362 
         
fescue 1 2.2304 2.0888 1.8586 61.2543 3.8554 61.322 0.03241 
 2 2.262 2.1184 1.9298 30.5926 3.9582 30.6673 0.03526 
 3 2.288 2.1428 1.9351 67.3108 3.9893 67.384 0.03416 
 mean       0.03394 
 stdev       0.00144 
pine         
 1 2.5056 2.3511 1.8621 61.2773 4.1059 61.4045 0.05410 
 2 2.7265 2.5583 1.9251 67.304 4.3576 67.4193 0.04507 
 3 2.4808 2.3278 1.9093 30.5898 4.129 30.6893 0.04274 
 4 3.1285 2.9355 1.9215 61.2753 4.6919 61.4187 0.04885 
 5 3.1926 2.9957 1.9502 61.2555 4.7834 61.4137 0.05281 
 mean       0.04872 
 stdev       0.00487 
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Sample Holocellulose     
  s without e fpaper s+p result 
 1 2.0275 2.2228 3.6425 0.7002 
 2 2.1567 2.4602 4.1185 0.7689 
soy stover 3 2.109 2.2365 3.8652 0.7723 
 mean    0.7471 
 stdev    0.0407 
      
 1 2.0043 2.4928 4.0086 0.7563 
 2 2.1408 2.4413 3.9219 0.6916 
 3 2.2842 2.3475 3.7986 0.6353 
soy hull 4 2.185 2.1125 3.6176 0.6888 
      
 mean    0.6930 
 stdev    0.0495 
      
 1 2.5734 1.512 2.99 0.5743 
 2 2.599 119.5083 121.0923 0.6095 
 3 2.1485 2.3486 3.494 0.5331 
corn stover 4 2.0109 2.3595 3.433 0.5338 
 mean    0.5627 
 stdev    0.0367 
      
      
 1 2.071 2.1812 3.798 0.7807 
 2 2.008 2.2072 3.8573 0.8218 
     0.8012 
cour hull     0.02904603 
 3 1.8529 2.232 3.528 0.6994 
 4 1.813 2.209 3.5718 0.7517 
      
 1 2.1145 2.4434 3.9599 0.7172 
 2 2.2233 2.4461 4.027 0.7111 
switch 
grass 3 2.0354 2.2285 3.6474 0.6971 
 mean    0.7085 
 stdev    0.0103 
      
 1 2.0179 2.1902 3.6095 0.7034 
 2 1.98 2.1656 3.6179 0.7335 
 3 1.972 2.199 3.6298 0.7256 
fescue mean    0.7208 
 stdev    0.0156 
      
 1 2.1695 1.063 2.6226 0.7189 
 2 2.083 0.8903 2.3421 0.6970 
pine 3 2.1175 0.9479 2.4395 0.7044 
 4 2.7557 0.3683 2.6184 0.8165 
 5 2.2758 0.3706 1.9734 0.7043 
 mean    0.7282 
 stdev    0.05000 
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 Sample Cellulose    
      
  sample-holo fpaper s+p result 
 1 1.1899 4.409 5.0675 0.5534 
soy stover 2 1.3222 0.36573 1.0994 0.5549 
 3 0.9165 0.369 0.9185 0.5996 
 4 0.92 0.362 0.8864 0.5700 
 mean    0.5695 
 stdev    0.0214 
      
 1 1.3766 2.1796 2.534 0.2574 
 2 1.4846 2.2232 2.7352 0.3449 
soy hull 3 1.0565 0.3622 0.7044 0.3239 
 4 1.1718 0.733 1.0094 0.2359 
      
 mean    0.2905 
 stdev    0.0521 
      
 1 1.3466 2.46 3.1825 0.5365 
 2 1.2368 0.3724 1.0198 0.5234 
corn stover 3 0.912 0.3752 0.9301 0.6084 
 4 0.908 0.3655 1.032 0.7340 
 mean    0.5561 
 stdev    0.0458 
      
      
 1 1.4637 0.3699 0.6401 0.1846 
 2 1.3979 0.367 0.5308 0.1172 
cour hull 3 1.5732 0.3778 0.7113 0.2120 
 mean    0.1713 
 stdev    0.0488 
      
 1 1.2815 0.3705 1.0644 0.5415 
switch 
grass 2 1.172 0.3677 0.9934 0.5339 
 3 1.261 0.3733 1.0503 0.5369 
 mean    0.5374 
 stdev    0.0038 
      
      
 1 1.645 0.3605 1.2142 0.5190 
 2 1.3508 0.3685 1.0894 0.5337 
fescue 3 1.2919 0.3698 1.0682 0.5406 
 mean    0.5311 
 stdev    0.0110 
      
 1 2.0123 0.3672 1.6482 0.6366 
pine 2 2.431 0.3662 1.9555 0.6538 
 3 2.014 0.365 1.6573 0.6417 
 mean    0.6440 
 stden    0.00883 
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 Sample  Lignin   
      
soy stover  s without e fpaper s+p result 
 1 0.904 0.3718 0.556 0.2038 
 2 0.9575 0.3718 0.5747 0.2119 
 3 0.9499 0.3673 0.5613 0.2042 
 mean    0.2066 
 stdev    0.0046 
      
      
soy hull 1 0.957 0.3647 0.3873 0.0236 
 2 0.8472 0.3714 0.3949 0.0277 
 3 0.8503 0.3644 0.3942 0.0350 
      
      
 mean    0.0288 
 stdev    0.0058 
      
corn stover 1 0.9519 0.3687 0.938 0.5981 
 2 0.9447 0.3712 0.5635 0.2036 
 3 0.9195 0.3629 0.552 0.2057 
 4 1.5105 0.9494 1.2515 0.2000 
 mean    0.2031 
 stdev    0.0029 
      
      
cour hull      
      
     <2% 
      
switch 
grass      
 1 0.9624 0.371 0.5887 0.2262 
 2 0.8062 0.3622 0.5496 0.2324 
 3 0.9948 0.37 0.5985 0.2297 
 mean    0.2294 
 stdev    0.0031 
      
      
fescue 1 1.2205 0.3681 0.6079 0.1965 
 2 1.2645 0.9181 1.1688 0.1983 
 3 1.2288 0.908 1.1509 0.1977 
 mean    0.1975 
 stdev    0.0009 
      
pine      
 1 1.385 0.3664 0.737 0.2676 
 2 1.4125 1.0408 1.4179 0.2670 
 3 1.4248 0.938 1.3045 0.2572 
 mean    0.2639 
 stdev    0.00581 
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Paper 2 Output 
 
Moisture Content Data 
  Pine Flour   MC = 7.4  
  Thimble Thimble/Sample  Sample OD  
Ext. 
Sample/Thimb.  Ext Sample  Extract Cont. (%) 
1 1.94 7.51 5.16 6.6973 4.76 7.77  
2 2.01 6.38 4.05 5.7432 3.73 7.75  
3 2.09 7.53 5.04 6.7854 4.70 6.79  
4 1.9145 10.619 8.06 9.4407 7.53 6.63  
5 1.9568 10.7506 8.14 9.4588 7.50 7.87 Average 
6 2.6121 11.9608 8.66 10.6647 8.05 6.98 7.30 
        
   Hybrid Poplar   MC = 10.97  
  
Thimble 
(g) 
Thimble/Sample 
(g) 
Sample OD 
(g) 
Ext. 
Sample/Thimb. 
(g) 
Ext Sample 
(g) Extractives Content (%) 
1 1.81 6.35 4.04 5.6913 3.88 3.97  
2 1.85 7.21 4.77 6.4396 4.59 3.82  
3 2.46 7.57 4.55 6.8477 4.39 3.56  
4 1.9146 8.4806 5.85 7.2403 5.33 8.90  
5 1.9993 8.1895 5.51 7.1863 5.19 5.88 Average 
6 2.0705 9.4085 6.53 8.217 6.15 5.92 5.34 
        
  Soy Hulls   MC = 9.41  
  
Thimble 
(g) 
Thimble/Sample 
(g) 
Sample OD 
(g) 
Ext. 
Sample/Thimb. 
(g) 
Ext Sample 
(g) Extractives Content (%) 
1 1.8529 18.1085 14.7259 15.3636 13.5107 8.25  
2 1.9049 14.9936 11.8571 12.7436 10.8387 8.59  
3 2.5311 17.2222 13.3087 14.6984 12.1673 8.58  
4 1.8803 13.0581 10.1260 11.2447 9.3644 7.52  
5 1.9619 12.7152 9.7414 11.0059 9.044 7.16 Average 
6 2.0035 13.9442 10.8171 11.9967 9.9932 7.62 7.95 
 
Extractives Content Data 
 
Factor Code Key 
S1= Benzene/Ethanol 
S2 = Ethanol 
S3 = Hot Water 
 
T1 = 1hour 
T2 = 3hours 
T3 = 6 hours 
T4 = 12 hours 
T5 = 24 hours 
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  S3-T2 (SG)   MC = 8.1   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.9786 34.7086 25.48 29.6955 22.72 10.86    
2 6.7945 36.3748 27.18 31.2145 24.42 10.17 Average   
3 7.0573 36.5276 27.08 31.1246 24.07 11.14 10.72   
         
  S1-T2 (P)   MC = 10   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 7.0449 29.636 20.33 26.5392 19.49 4.12    
2 6.8685 30.8634 21.60 27.6028 20.73 3.99 Average   
3 6.9146 27.4019 18.44 24.5157 17.60 4.54 4.22   
         
         
  S1-T4 (SG)   MC = 8.1 9.1  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.7866 34.3663 25.35 29.3311 22.54 11.05    
2 6.825 33.3549 24.38 28.408 21.58 11.48 Average   
3 7.08 32.3765 23.25 24.4471 17.37 25.29 15.94   
4 5.5567 13.5596 7.27 12.3584 6.80 6.50    
5 5.1223 11.7937 6.06 10.8074 5.69 6.25 Average   
6 5.4093 11.0697 5.15 10.195 4.79 6.99 6.58   
       11.26  
         
  S1-T4 (P)   MC = 7.4 6.86  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.8585 23.8823 15.76 21.64 14.78 6.23    
2 6.6635 25.4895 17.43 22.9537 16.29 6.55 Average   
3 6.7065 25.5555 17.45 23.0996 16.39 6.08 6.29   
4 5.2197 17.3275 11.28 15.9115 10.69 5.19    
5 5.0824 21.6215 15.40 19.6224 14.54 5.61 Average   
6 5.2479 16.3809 10.37 15.0143 9.77 5.81 5.54   
       5.91  
         
  S3-T2 (P)   MC = 7.4   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.9803 24.364 16.10 22.4729 15.49 3.76    
2 6.5767 21.7531 14.05 20.0852 13.51 3.88 Average   
3 6.7041 26.4736 18.31 24.3135 17.61 3.81 3.81   
         
  S2-T3 (SG)   MC = 8.1   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.8326 21.1402 13.15 18.7316 11.90 9.50    
2 6.6643 29.4402 20.93 25.883 19.22 8.18 Average   
3 6.8172 27.9092 19.38 24.5017 17.68 8.77 8.82   
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  S2-T3 (P)   MC = 8.1 6.858  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.9906 26.6858 18.10 23.8286 16.84 6.97    
2 6.9077 21.2942 13.22 19.0965 12.19 7.81    
3 6.8709 13.9906 6.54 12.686 5.82 11.12    
4 5.1576 16.8841 10.92 15.4136 10.26 6.10    
5 5.0112 13.0125 7.45 11.9989 6.99 6.24 Average   
6 5.176 12.145 6.49 11.2388 6.06 6.60 6.31   
         
  S1-T1 (H)   MC = 10.9   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.7027 19.2165 11.15 17.8033 11.10 0.44    
2 6.3239 21.334 13.37 19.6394 13.32 0.44 Average   
3 6.5096 20.8231 12.75 19.1545 12.64 0.85 0.58   
         
         
  S2-T4 (H)   MC = 10.9 5.832  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.6243 21.5289 13.28 19.7734 13.15 0.99    
2 6.5918 22.9332 14.56 21.0355 14.44 0.80    
3 6.5283 21.986 13.77 20.1644 13.64 0.99    
4 5.4113 18.3571 12.19 17.2634 11.85 2.78    
5 5.1841 13.1167 7.47 12.391 7.21 3.52 Average   
6 5.4767 19.0765 12.81 17.8535 12.38 3.36 3.22   
         
  S3-T5 (P)   MC = 7.4   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.6907 24.0406 16.07 21.9236 15.23 5.19    
2 6.6237 27.0434 18.91 24.6269 18.00 4.79 Average   
3 6.554 22.4704 14.74 20.4693 13.92 5.59 5.19   
         
         
  S3-T5 (H)   MC = 10.9   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.7944 26.8047 17.83 24.1738 17.38 2.52    
2 6.7522 26.1123 17.25 23.7249 16.97 1.61 Average   
3 6.6559 20.1947 12.06 18.4053 11.75 2.60 2.24   
         
         
  S3-T4 (H)   MC = 10.9   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.7499 26.4405 17.54 23.9065 17.16 2.21    
2 6.4478 23.5117 15.20 21.4027 14.95 1.64 Average   
3 6.5959 26.9086 18.10 24.2619 17.67 2.39 2.08   
         
 
 
 
 
        
 177 
  S1-T2 (SG)   MC = 8.1 9.1  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 5.3269 18.0147 11.53 16.3532 11.03 4.40    
2 5.4313 15.0924 8.78 13.8229 8.39 4.44 Average   
3 5.2083 13.9324 7.93 12.713 7.50 5.37 4.74   
       4.74  
         
  S2-T2 (P)   MC = 7.4   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.7672 22.7436 14.79 20.8942 14.13 4.51    
2 6.818 22.2982 14.33 20.7252 13.91 2.98 Average   
3 6.7593 25.4564 17.31 23.5579 16.80 2.97 3.49   
         
  S3-T3 (H)   MC = 10.9   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.8038 24.4965 15.76 22.3538 15.55 1.36    
2 6.8055 25.4757 16.64 23.2774 16.47 0.98 Average   
3 6.6209 24.641 16.06 22.4878 15.87 1.18 1.17   
         
  S3-T1 (H)   MC = 10.9   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.8139 23.8664 15.19 22.0255 15.21 -0.12    
2 6.6796 27.3217 18.39 25.0701 18.39 0.01 Average   
3 6.831 26.0913 17.16 23.8683 17.04 0.72 0.20   
         
         
  S3-T1 (SG)   MC = 8.1 9.1  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.8484 31.4068 22.32 28.4992 21.65 3.01    
2 6.7326 32.0057 22.97 29.1873 22.45 2.26 Average   
3 6.6979 25.5831 17.17 23.1234 16.43 4.32 3.20   
         
         
  S1-T1 (SG)   MC = 8.1 9.1  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.6874 18.0945 10.37 16.9409 10.25 1.11    
2 6.5379 25.1975 16.96 23.2388 16.70 1.54 Average   
3 6.8414 27.9084 19.15 25.7192 18.88 1.42 1.36   
         
         
  S3-T5 (SG)   MC = 8.1 9.1  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)     
1 6.7054 19.2547 11.41 16.7975 10.09 11.53    
2 6.9464 22.2855 13.94 19.2961 12.35 11.43 Average   
3 6.7509 19.1934 11.31 16.665 9.91 12.34 11.77   
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  S3-T2 (H)   MC = 10.9   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.8298 26.9887 17.96 24.6519 17.82 0.78    
2 6.7744 23.1608 14.60 21.2707 14.50 0.71 Average  
3 6.6843 28.007 19.00 25.4801 18.80 1.07 0.85  
         
         
         
         
  S1-T5 (SG)   MC = 8.1 9.1  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 4.9995 21.5181 15.02 19.1847 14.19 5.53    
2 5.0937 20.9843 14.44 18.8189 13.73 4.98 Average  
3 5.3209 17.6457 11.20 15.9949 10.67 4.72 5.08  
4 5.4185 17.6841 11.15 15.9085 10.49 5.91    
5 5.2109 15.4269 9.29 13.9344 8.72 6.06 Average  
6 5.5175 16.6106 10.08 14.9071 9.39 6.88 6.29  
       5.68  
         
         
  S2-T1 (H)   MC = 10.9 5.83  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.8463 20.4095 12.08 18.965 12.12 -0.28    
2 6.6916 19.9811 11.84 18.5227 11.83 0.08    
3 6.9996 22.1913 13.54 20.5296 13.53 0.04    
4 5.3557 29.5387 22.77 27.9515 22.60 0.78    
5 4.9988 22.784 16.75 21.4342 16.44 1.87 Average  
6 5.3872 25.1924 18.65 23.6575 18.27 2.04 0.30  
         
         
  S2-T5 (SG)   MC = 8.1   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.8818 21.7743 13.69 19.5935 12.71 7.12    
2 6.7524 26.1763 17.85 23.1473 16.39 8.15 Average  
3 6.8694 21.1585 13.13 18.928 12.06 8.17 7.82  
         
         
  S1-T3 (SG)   MC = 8.1 9.1  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.8292 25.5389 17.19 23.1679 16.34 4.98    
2 6.6327 23.8346 15.81 21.4495 14.82 6.27    
3 6.9436 29.2336 20.48 26.2279 19.28 5.86    
4 5.4066 16.5255 10.11 15.1766 9.77 3.34    
5 5.1884 12.0812 6.27 11.1563 5.97 4.75 Average  
6 5.4817 9.774 3.90 9.176 3.69 5.32 5.01  
7 5.5166 18.8816 12.15 17.0981 11.58 4.67    
8 5.1391 19.2147 12.79 17.305 12.17 4.91 Average  
9 5.2866 18.8987 12.37 17.0551 11.7685 4.89 4.82  
       5.00  
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  S1-T1 (P)   MC = 7.4   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.9281 20.9934 13.02 19.4945 12.57 3.52    
2 6.5797 21.781 14.08 20.1374 13.56 3.68 Average  
3 6.6927 19.9917 12.31 18.5352 11.84 3.84 3.68  
         
 
 
 
 
         
  S1-T5 (H)   MC = 10.9 5.83  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.8256 21.5645 13.13 19.8744 13.05 0.64    
2 6.7148 20.0519 11.88 18.4584 11.74 1.18 Average  
3 6.7258 23.1485 14.63 21.1634 14.44 1.33 1.05  
4 5.3017 20.2604 14.09 19.0316 13.73 2.53    
5 5.397 18.5469 12.38 17.465 12.07 2.55 Average  
6 5.1522 22.972 16.78 21.4292 16.28 3.00 2.69  
         
         
  S3-T3 (SG)   MC = 8.1   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.8142 26.734 18.31 23.427 16.61 9.25    
2 6.8146 25.8953 17.54 22.2508 15.44 11.97 Average  
3 6.6807 19.6295 11.90 16.9722 10.29 13.52 11.58  
         
         
  S2-T5 (H)   MC = 10.96   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.9077 21.7365 13.20 19.7817 12.87 2.50    
2 6.7092 17.9002 9.96 16.3751 9.67 3.00 Average  
3 7.088 20.0913 11.58 18.3677 11.28 2.58 2.69  
         
         
  S2-T3 (H)   MC = 5.83   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.8793 24.6345 16.72 23.1315 16.25 2.80    
2 6.4887 24.386 16.85 22.8793 16.39 2.75    
3 6.6235 29.3438 21.40 27.4974 20.87 2.44    
4 5.5771 14.6301 8.53 13.7747 8.20 3.84    
5 5.0961 18.7295 12.84 17.5814 12.49 2.75 Average  
6 5.4895 22.2466 15.78 20.8113 15.32 2.90 2.91  
         
         
  S3-T4 (P)   MC = 6.858   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.862 18.5363 10.87 17.2859 10.42 4.14    
2 6.7804 17.4907 9.98 16.3713 9.59 3.86 Average  
3 6.9446 14.5106 7.05 13.618 6.67 5.30 4.43  
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  S2-T2 (H)   MC = 5.83   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 7.1044 25.1847 17.03 23.9487 16.84 1.07    
2 6.9719 23.5905 15.65 22.4137 15.44 1.33 Average  
3 6.8047 22.2577 14.55 21.1827 14.38 1.20 1.20  
         
 
 
         
  S1-T4 (H)   MC = 5.83   
  Thimb (g) Thimb/Samp (g) Samp OD (g) 
Ext 
Samp/Thimb 
(g) Ext Samp (g) Ext Cont (%)    
1 6.8697 29.3857 21.20 27.8866 21.02 0.88    
2 6.7466 28.0428 20.05 26.549 19.80 1.26 Average  
3 6.7518 25.0756 17.26 23.7916 17.04 1.25 1.13  
4 5.4131 28.5583 21.80 26.6615 21.25 2.51    
5 5.1697 25.0197 18.69 23.3723 18.20 2.62 Average  
6 5.4805 21.4933 15.08 20.119 14.64 2.92 2.69  
         
         
  S2-T4 (P)   MC = 6.86   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.7058 22.4495 14.66 20.9054 14.20 3.16    
2 6.5499 22.4217 14.78 20.8225 14.27 3.45    
3 6.8714 24.5359 16.45 22.7255 15.85 3.64    
4 5.269 16.424 10.39 14.8862 9.62 7.44    
5 5.3652 18.7315 12.45 16.9574 11.59 6.89 Average  
6 5.1351 17.0498 11.10 15.5026 10.37 6.58 6.97  
         
  S1-T3 (H)   MC = 5.83   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.6817 26.3637 18.53 24.9188 18.24 1.60    
2 6.6374 23.4084 15.79 22.1376 15.50 1.86 Average  
3 6.7647 27.6021 19.62 25.9907 19.23 2.02 1.83  
4 5.2092 16.4772 10.61 15.6613 10.45 1.50    
5 5.5265 19.2879 12.96 18.2173 12.69 2.07 Average  
6 5.3678 19.4569 13.27 18.333 12.97 2.28 1.95  
         
         
  S2-T4 (SG)   MC = 8.1 8.1  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 7.0843 26.1767 17.55 23.4429 16.36 6.77    
2 6.9289 32.6564 23.64 28.8772 21.95 7.17    
3 6.7425 30.6531 21.97 27.2154 20.47 6.83    
4 5.413 16.2225 9.93 14.7641 9.35 5.87    
5 5.4912 15.5655 9.26 14.1239 8.63 6.76 Average  
6 5.3438 14.1465 8.09 12.8831 7.54 6.80 6.70  
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  S2-T1 (SG)   MC = 8.1   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 7.3712 22.4756 13.88 20.8198 13.45 3.11    
2 6.7638 24.9388 16.70 23.0095 16.25 2.74 Average  
3 7.1055 29.5707 20.65 27.2803 20.17 2.28 2.71  
         
         
  S2-T1 (P)   MC = 7.4   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.9088 21.3594 13.38 19.9523 13.04 2.52    
2 6.6061 24.0829 16.18 22.2622 15.66 3.26 Average  
3 6.6571 18.7627 11.21 17.4953 10.84 3.31 3.03  
         
         
  S3-T3 (P)   MC = 7.4 6.858  
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.7603 27.9933 19.66 26.1863 19.43 1.20    
2 6.3942 20.1686 12.76 19.1023 12.71 0.37    
3 6.5077 23.4699 15.71 22.054 15.55 1.02    
4 5.1286 13.8197 8.10 12.8853 7.76 4.18    
5 5.4709 14.8767 8.76 13.8869 8.42 3.94 Average  
6 5.3387 11.6911 5.92 10.9261 5.59 5.57 4.56  
         
         
  S3-T1 (P)   MC = 7.4   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 7.4537 21.928 13.40 20.4235 12.97 3.23    
2 7.0136 16.2941 8.59 15.4925 8.48 1.34 Average  
3 7.3391 17.442 9.36 16.2483 8.91 4.77 3.11  
         
         
  S1-T2 (H)   MC = 5.83   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.7688 26.852 18.91 25.2764 18.51 2.14    
2 6.6583 26.3829 18.57 24.7377 18.08 2.67 Average  
3 6.9786 31.4547 23.05 29.3921 22.41 2.76 2.52  
         
  S3-T4 (SG)   MC = 8.1   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 7.0607 23.9491 15.52 20.6982 13.64 12.13    
2 6.6509 20.3325 12.57 17.8412 11.19 11.00 Average  
3 6.8486 17.9961 10.24 15.8167 8.97 12.46 11.86  
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  S1-T3 (P)   MC = 6.86   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.8911 13.1188 5.80 12.4583 5.57 4.02    
2 6.5946 12.9337 5.90 12.2348 5.64 4.47    
3 6.6195 11.6737 4.71 11.1187 4.50 4.42    
4 5.4957 21.2464 14.67 19.4088 13.91 5.16    
5 5.5517 22.5016 15.79 20.4864 14.93 5.40 Average  
6 5.3894 18.2591 11.99 16.674 11.28 5.86 4.89  
         
 
 
 
 
 
        
  S2-T2 (SG)   MC = 8.1   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 7.0254 22.6964 14.40 20.6734 13.65 5.23    
2 6.9202 21.8188 13.69 19.7313 12.81 6.43 Average  
3 6.9444 24.4373 16.08 22.0138 15.07 6.26 5.98  
         
 
 
 
         
  S2-T5 (P)   MC = 3.56   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 6.9689 27.4131 19.72 25.3275 18.36 6.89    
2 6.6271 22.2965 15.11 20.6878 14.06 6.95 Average  
3 6.613 23.8288 16.60 22.0946 15.48 6.75 6.86  
         
         
         
         
  S1-T5 (P)   MC = 6.86   
  Thimb (g) Thimb/Samp (g) Samp OD (g) Ext S/T (g) Ext Samp (g) Ext Cont (%)    
1 5.3151 19.4394 13.16 17.9343 12.62 4.08    
2 5.1177 22.904 16.57 21.1655 16.05 3.13    
3 5.4144 24.0823 17.39 22.2562 16.84 3.14    
4 5.4573 19.1354 12.74 17.5027 12.05 5.45    
5 5.0785 17.5765 11.64 16.2252 11.15 4.24 Average  
6 5.4871 16.8551 10.59 15.4319 9.94 6.08 4.35  
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Appendix B: Statistical Output  
Paper 1 Output 
 
Oneway Analysis of Ash Weight Percent By Species 
 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.41455 0.05 
 
Abs(Dif)-LSD Corn Stover Soy Stover Soy Hull Fescue Switchgrass Corn Hull Pine 
Corn Stover -0.4971 0.4183 1.6422 1.9292 3.1069 6.1110 6.5039 
Soy Stover 0.4183 -0.4971 0.7268 1.0138 2.1915 5.1956 5.5885 
Soy Hull 1.6422 0.7268 -0.4971 -0.2101 0.9676 3.9718 4.3646 
Fescue 1.9292 1.0138 -0.2101 -0.4971 0.6806 3.6848 4.0776 
Switchgrass 3.1069 2.1915 0.9676 0.6806 -0.4971 2.5071 2.8999 
Corn Hull 6.1110 5.1956 3.9718 3.6848 2.5071 -0.4971 -0.1042 
Pine 6.5039 5.5885 4.3646 4.0776 2.8999 -0.1042 -0.4971 
 
Positive values show pairs of means that are significantly different. 
 
Level      Mean 
Corn Stover A         7.1894333 
Soy Stover   B       6.2740333 
Soy Hull     C     5.0502000 
Fescue     C     4.7632000 
Switchgrass       D   3.5855000 
Corn Hull         E 0.5813333 
Pine         E 0.1885000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of Percent Lignin By Species 6 
 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.41455 0.05 
 
Abs(Dif)-LSD Pine Switchgrass Soy Stover Corn Stover Fescue Soy Hull Corn Hull 
Pine -1.090 2.358 4.640 4.996 5.556 22.423 23.303 
Switchgrass 2.358 -1.090 1.192 1.548 2.108 18.975 19.855 
Soy Stover 4.640 1.192 -1.090 -0.734 -0.173 16.694 17.574 
Corn Stover 4.996 1.548 -0.734 -1.090 -0.530 16.337 17.217 
Fescue 5.556 2.108 -0.173 -0.530 -1.090 15.777 16.657 
Soy Hull 22.423 18.975 16.694 16.337 15.777 -1.090 -0.210 
Corn Hull 23.303 19.855 17.574 17.217 16.657 -0.210 -1.090 
 
Positive values show pairs of means that are significantly different. 
 
 
Level     Mean 
Pine A       26.392767 
Switchgrass   B     22.944933 
Soy Stover     C   20.663300 
Corn Stover     C   20.307067 
Fescue     C   19.747000 
Soy Hull       D 2.879967 
Corn Hull       D 2.000000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of Holocellulose By Species 4 
 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.26677 0.05 
 
Abs(Dif)-LSD Corn Hull Soy Stover Pine Fescue Switchgrass Soy Hull Corn Stover 
Corn Hull -8.990 -10.261 -6.979 -7.628 -6.394 -4.003 9.028 
Soy Stover -10.261 -11.606 -8.489 -8.973 -7.739 -5.443 7.587 
Pine -6.979 -8.489 -8.990 -9.639 -8.405 -6.014 7.017 
Fescue -7.628 -8.973 -9.639 -11.606 -10.372 -8.077 4.954 
Switchgrass -6.394 -7.739 -8.405 -10.372 -11.606 -9.311 3.720 
Soy Hull -4.003 -5.443 -6.014 -8.077 -9.311 -10.051 2.980 
Corn Stover 9.028 7.587 7.017 4.954 3.720 2.980 -10.051 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
Corn Hull A   74.832380 
Soy Stover A   74.713000 
Pine A   72.821460 
Fescue A   72.079933 
Switchgrass A   70.845400 
Soy Hull A   69.299875 
Corn Stover   B 56.268975 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of alpha Cellulose By Species 5 
 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.35210 0.05 
 
Abs(Dif)-
LSD 
Pine Soy Stover Corn Stover Switchgrass Fescue Soy Hull Corn Hull 
Pine -9.407 -1.346 -0.621 1.252 1.885 26.548 37.867 
Soy Stover -1.346 -8.147 -7.468 -5.594 -4.962 19.747 31.021 
Corn Stover -0.621 -7.468 -9.407 -7.534 -6.901 17.762 29.081 
Switchgrass 1.252 -5.594 -7.534 -9.407 -8.775 15.888 27.208 
Fescue 1.885 -4.962 -6.901 -8.775 -9.407 15.256 26.575 
Soy Hull 26.548 19.747 17.762 15.888 15.256 -8.147 3.127 
Corn Hull 37.867 31.021 29.081 27.208 26.575 3.127 -9.407 
 
Positive values show pairs of means that are significantly different. 
 
Level     Mean 
Pine A       64.400333 
Soy Stover A B     56.946500 
Corn Stover A B     55.614333 
Switchgrass   B     53.740667 
Fescue   B     53.108333 
Soy Hull     C   29.052500 
Corn Hull       D 17.125667 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of HW Extractives Percent By Species 2 
 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.38109 0.05 
 
Abs(Dif)-
LSD 
Soy Hull Corn Hull Fescue Switchgrass Corn Stover Soy Stover Pine 
Soy Hull -1.190 8.148 8.259 8.307 8.952 9.433 15.258 
Corn Hull 8.148 -1.374 -1.263 -1.215 -0.570 -0.089 5.736 
Fescue 8.259 -1.263 -1.374 -1.326 -0.681 -0.200 5.625 
Switchgrass 8.307 -1.215 -1.326 -1.374 -0.729 -0.248 5.577 
Corn Stover 8.952 -0.570 -0.681 -0.729 -1.374 -0.892 4.932 
Soy Stover 9.433 -0.089 -0.200 -0.248 -0.892 -1.374 4.451 
Pine 15.258 5.736 5.625 5.577 4.932 4.451 -1.374 
 
Positive values show pairs of means that are significantly different. 
 
 
Level    Mean 
Soy Hull A     22.256525 
Corn Hull   B   12.823100 
Fescue   B   12.712467 
Switchgrass   B   12.664567 
Corn Stover   B   12.019800 
Soy Stover   B   11.538400 
Pine     C 5.713533 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of Solv. Ext. Wt. % By Species 3 
 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.25078 0.05 
 
Abs(Dif)-
LSD 
Corn Hull Soy Hull Switchgrass Pine Corn Stover Soy Stover Fescue 
Corn Hull -1.0378 -0.2938 -0.2450 0.4072 1.4367 1.7470 1.7747 
Soy Hull -0.2938 -0.8038 -0.7612 -0.1029 0.9204 1.2307 1.2499 
Switchgrass -0.2450 -0.7612 -0.8987 -0.2430 0.7829 1.0933 1.1160 
Pine 0.4072 -0.1029 -0.2430 -0.8038 0.2194 0.5297 0.5489 
Corn Stover 1.4367 0.9204 0.7829 0.2194 -0.8987 -0.5884 -0.5657 
Soy Stover 1.7470 1.2307 1.0933 0.5297 -0.5884 -0.8987 -0.8760 
Fescue 1.7747 1.2499 1.1160 0.5489 -0.5657 -0.8760 -1.0378 
 
Positive values show pairs of means that are significantly different. 
 
 
Level    Mean 
Corn Hull A     6.2069000 
Soy Hull A B   5.5724800 
Switchgrass A B   5.4811250 
Pine   B   4.8715000 
Corn Stover     C 3.7995000 
Soy Stover     C 3.4891500 
Fescue     C 3.3944333 
 
Levels not connected by same letter are significantly different. 
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TGA Data Pine: 
Oneway Analysis of 50 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.205078 
Adj Rsquare -0.19238 
Root Mean Square Error 0.355 
Mean of Response 98.1325 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 0.06502500 0.065025 0.5160 0.5471 
Error 2 0.25205000 0.126025   
C. Total 3 0.31707500    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 98.2600 0.25102 97.180 99.340 
4Pine AU 2 98.0050 0.25102 96.925 99.085 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
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Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -1.5274 -1.2724 
4Pine AU -1.2724 -1.5274 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of 100 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.865232 
Adj Rsquare 0.797847 
Root Mean Square Error 0.24 
Mean of Response 96.82 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 0.73960000 0.739600 12.8403 0.0698 
Error 2 0.11520000 0.057600   
C. Total 3 0.85480000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 97.2500 0.16971 96.520 97.980 
4Pine AU 2 96.3900 0.16971 95.660 97.120 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -1.0326 -0.1726 
4Pine AU -0.1726 -1.0326 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of 150 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.954193 
Adj Rsquare 0.931289 
Root Mean Square Error 0.165 
Mean of Response 96.6175 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 1.1342250 1.13422 41.6612 0.0232 
Error 2 0.0544500 0.02723   
C. Total 3 1.1886750    
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Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 97.1500 0.11667 96.648 97.652 
4Pine AU 2 96.0850 0.11667 95.583 96.587 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -0.70994 0.35506 
4Pine AU 0.35506 -0.70994 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.951117 
Adj Rsquare 0.926675 
Root Mean Square Error 0.21 
Mean of Response 96.385 
Observations (or Sum Wgts) 4 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 1.7161000 1.71610 38.9138 0.0247 
Error 2 0.0882000 0.04410   
C. Total 3 1.8043000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 97.0400 0.14849 96.401 97.679 
4Pine AU 2 95.7300 0.14849 95.091 96.369 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -0.90356 0.40644 
4Pine AU 0.40644 -0.90356 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of 200 By Sample 
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Oneway Anova 
Summary of Fit 
    
Rsquare 0.956185 
Adj Rsquare 0.934278 
Root Mean Square Error 0.305 
Mean of Response 95.8025 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 4.0602250 4.06023 43.6466 0.0222 
Error 2 0.1860500 0.09302   
C. Total 3 4.2462750    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 96.8100 0.21567 95.882 97.738 
4Pine AU 2 94.7950 0.21567 93.867 95.723 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -1.3123 0.7027 
4Pine AU 0.7027 -1.3123 
 
Positive values show pairs of means that are significantly different. 
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Oneway Analysis of 225 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.979572 
Adj Rsquare 0.969358 
Root Mean Square Error 0.29 
Mean of Response 95.03 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 8.0656000 8.06560 95.9049 0.0103 
Error 2 0.1682000 0.08410   
C. Total 3 8.2338000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 96.4500 0.20506 95.568 97.332 
4Pine AU 2 93.6100 0.20506 92.728 94.492 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
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Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -1.2478 1.5922 
4Pine AU 1.5922 -1.2478 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.976124 
Adj Rsquare 0.964187 
Root Mean Square Error 0.47 
Mean of Response 92.715 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 18.062500 18.0625 81.7678 0.0120 
Error 2 0.441800 0.2209   
C. Total 3 18.504300    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 94.8400 0.33234 93.410 96.270 
4Pine AU 2 90.5900 0.33234 89.160 92.020 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -2.0222 2.2278 
4Pine AU 2.2278 -2.0222 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of 275 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.921447 
Adj Rsquare 0.882171 
Root Mean Square Error 1.215 
Mean of Response 80.4375 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 34.633225 34.6332 23.4607 0.0401 
Error 2 2.952450 1.4762   
C. Total 3 37.585675    
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Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 83.3800 0.85913 79.683 87.077 
4Pine AU 2 77.4950 0.85913 73.798 81.192 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -5.2277 0.6573 
4Pine AU 0.6573 -5.2277 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of 300 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.00938 
Adj Rsquare -0.48593 
Root Mean Square Error 0.545 
Mean of Response 38.1325 
Observations (or Sum Wgts) 4 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 1 0.00562500 0.005625 0.0189 0.9031 
Error 2 0.59405000 0.297025   
C. Total 3 0.59967500    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
3Pine AE 2 38.1700 0.38537 36.512 39.828 
4Pine AU 2 38.0950 0.38537 36.437 39.753 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD 3Pine AE 4Pine AU 
3Pine AE -2.3449 -2.2699 
4Pine AU -2.2699 -2.3449 
 
Positive values show pairs of means that are significantly different. 
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TGA Data Switchgrass 
Oneway Analysis of T 50 By Samples 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.490545 
Adj Rsquare 0.235818 
Root Mean Square Error 0.453982 
Mean of Response 98.015 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 0.39690000 0.396900 1.9258 0.2996 
Error 2 0.41220000 0.206100   
C. Total 3 0.80910000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 98.3300 0.32101 96.949 99.711 
SG AU 2 97.7000 0.32101 96.319 99.081 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD SG AE SG AU 
SG AE -1.9533 -1.3233 
SG AU -1.3233 -1.9533 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of T 100 By Samples 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.810219 
Adj Rsquare 0.715328 
Root Mean Square Error 0.470558 
Mean of Response 96.6125 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 1.8906250 1.89063 8.5384 0.0999 
Error 2 0.4428500 0.22142   
C. Total 3 2.3334750    
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Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 97.3000 0.33273 95.868 98.732 
SG AU 2 95.9250 0.33273 94.493 97.357 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD SG AE SG AU 
SG AE -2.0246 -0.6496 
SG AU -0.6496 -2.0246 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of T 150 By Samples 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.904538 
Adj Rsquare 0.856808 
Root Mean Square Error 0.390512 
Mean of Response 96.36 
Observations (or Sum Wgts) 4 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 2.8900000 2.89000 18.9508 0.0489 
Error 2 0.3050000 0.15250   
C. Total 3 3.1950000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 97.2100 0.27613 96.022 98.398 
SG AU 2 95.5100 0.27613 94.322 96.698 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD SG AE SG AU 
SG AE -1.6802 0.0198 
SG AU 0.0198 -1.6802 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of T 175 By Samples 
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Oneway Anova 
Summary of Fit 
    
Rsquare 0.909584 
Adj Rsquare 0.864376 
Root Mean Square Error 0.399061 
Mean of Response 96.27 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 3.2041000 3.20410 20.1199 0.0463 
Error 2 0.3185000 0.15925   
C. Total 3 3.5226000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 97.1650 0.28218 95.951 98.379 
SG AU 2 95.3750 0.28218 94.161 96.589 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD SG AE SG AU 
SG AE -1.7170 0.0730 
SG AU 0.0730 -1.7170 
 
Positive values show pairs of means that are significantly different. 
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Oneway Analysis of T 200 By Samples 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.920984 
Adj Rsquare 0.881476 
Root Mean Square Error 0.401808 
Mean of Response 96.095 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 3.7636000 3.76360 23.3112 0.0403 
Error 2 0.3229000 0.16145   
C. Total 3 4.0865000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 97.0650 0.28412 95.843 98.287 
SG AU 2 95.1250 0.28412 93.903 96.347 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
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Abs(Dif)-LSD SG AE SG AU 
SG AE -1.7288 0.2112 
SG AU 0.2112 -1.7288 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of T 225 By Samples 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.939579 
Adj Rsquare 0.909368 
Root Mean Square Error 0.439318 
Mean of Response 95.605 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 6.0025000 6.00250 31.1010 0.0307 
Error 2 0.3860000 0.19300   
C. Total 3 6.3885000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 96.8300 0.31064 95.493 98.167 
SG AU 2 94.3800 0.31064 93.043 95.717 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD SG AE SG AU 
SG AE -1.8902 0.5598 
SG AU 0.5598 -1.8902 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of T 250 By Samples 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.96571 
Adj Rsquare 0.948564 
Root Mean Square Error 0.897399 
Mean of Response 91.5275 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 45.360225 45.3602 56.3254 0.0173 
Error 2 1.610650 0.8053   
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Source DF Sum of Squares Mean Square F Ratio Prob > F 
C. Total 3 46.970875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 94.8950 0.63456 92.165 97.625 
SG AU 2 88.1600 0.63456 85.430 90.890 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD SG AE SG AU 
SG AE -3.8612 2.8738 
SG AU 2.8738 -3.8612 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of T 275 By Samples 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.909532 
Adj Rsquare 0.864297 
Root Mean Square Error 0.615508 
Mean of Response 65.075 
Observations (or Sum Wgts) 4 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 7.6176000 7.61760 20.1072 0.0463 
Error 2 0.7577000 0.37885   
C. Total 3 8.3753000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 66.4550 0.43523 64.582 68.328 
SG AU 2 63.6950 0.43523 61.822 65.568 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD SG AE SG AU 
SG AE -2.6483 0.1117 
SG AU 0.1117 -2.6483 
 
Positive values show pairs of means that are significantly different. 
 
Oneway Analysis of T 300 By Samples 
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Oneway Anova 
Summary of Fit 
    
Rsquare 0.987185 
Adj Rsquare 0.980777 
Root Mean Square Error 0.416923 
Mean of Response 37.1275 
Observations (or Sum Wgts) 4 
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Samples 1 26.780625 26.7806 154.0666 0.0064 
Error 2 0.347650 0.1738   
C. Total 3 27.128275    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
SG AE 2 34.5400 0.29481 33.272 35.808 
SG AU 2 39.7150 0.29481 38.447 40.983 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.30265 0.05 
 
Abs(Dif)-LSD SG AU SG AE 
SG AU -1.7939 3.3811 
SG AE 3.3811 -1.7939 
 
Positive values show pairs of means that are significantly different. 
 
 
 
 
 
 
 211 
Paper 2 Output 
 
 
 
Response Extractives Content 
Actual by Predicted Plot 
 
 
Summary of Fit 
    
RSquare 0.878626 
RSquare Adj 0.851219 
Root Mean Square Error 1.116997 
Mean of Response 4.543399 
Observations (or Sum Wgts) 153 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 28 1119.9677 39.9988 32.0585 
Error 124 154.7126 1.2477 Prob > F 
C. Total 152 1274.6802  <.0001 
 
Lack Of Fit 
Source DF Sum of Squares Mean Square F Ratio 
Lack Of Fit 14 19.41017 1.38644 1.1272 
Pure Error 110 135.30239 1.23002 Prob > F 
Total Error 124 154.71256  0.3428 
    Max RSq 
    0.8939 
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Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t| 
Intercept  4.5370179 0.095992 47.26 <.0001 
Extraction Time[01 hr]  -2.207899 0.201793 -10.94 <.0001 
Extraction Time[03 hr]  -0.387844 0.213074 -1.82 0.0711 
Extraction Time[06 hr]  0.6710204 0.176764 3.80 0.0002 
Extraction Time[12 hr]  0.9624709 0.186731 5.15 <.0001 
Solvent[B/E]  -0.797825 0.132758 -6.01 <.0001 
Solvent[EtOH]  -0.009691 0.139422 -0.07 0.9447 
Species[Hybrid Poplar]  -2.771665 0.137319 -20.18 <.0001 
Species[Pine]  0.1510683 0.133735 1.13 0.2608 
Species[Hybrid 
Poplar]*Solvent[B/E] 
 1.0569646 0.188361 5.61 <.0001 
Species[Hybrid 
Poplar]*Solvent[EtOH] 
 0.2052383 0.205903 1.00 0.3208 
Species[Pine]*Solvent[B/E]  0.6179978 0.180611 3.42 0.0008 
Species[Pine]*Solvent[EtOH]  0.6542717 0.192368 3.40 0.0009 
Species[Hybrid Poplar]*Extr 
Time[01 hr] 
 0.5491956 0.301417 1.82 0.0709 
Species[Hybrid Poplar]*Extr 
Time[03 hr] 
 0.1480468 0.288259 0.51 0.6085 
Species[Hybrid Poplar]*Extr 
Time[06 hr] 
 -0.446258 0.253231 -1.76 0.0805 
Species[Hybrid Poplar]*Extr 
Time[12 hr] 
 -0.066713 0.269358 -0.25 0.8048 
Specie[Pine]*Ext Time[01 hr]  0.7942572 0.276663 2.87 0.0048 
Specie[Pine]*Ext Time[03 hr]  -0.460242 0.285077 -1.61 0.1090 
Specie[Pine]*Ext Time[06 hr]  -0.013152 0.244407 -0.05 0.9572 
Specie[Pine]*Ext Time[12 hr]  -0.00389 0.267104 -0.01 0.9884 
Solvent[B/E]*Extraction 
Time[01 hr] 
 0.2384159 0.276392 0.86 0.3900 
Solvent[B/E]*Extraction 
Time[03 hr] 
 0.4742071 0.285048 1.66 0.0987 
Solvent[B/E]*Extraction 
Time[06 hr] 
 -0.550658 0.236728 -2.33 0.0216 
Solvent[B/E]*Extraction 
Time[12 hr] 
 0.2316698 0.266287 0.87 0.3860 
Solvent[EtOH]*Extraction 
Time[01 hr] 
 -0.458043 0.325715 -1.41 0.1621 
Solvent[EtOH]*Extraction 
Time[03 hr] 
 -0.586149 0.290773 -2.02 0.0460 
Solvent[EtOH]*Extraction 
Time[06 hr] 
 0.7939907 0.255036 3.11 0.0023 
Solvent[EtOH]*Extraction 
Time[12 hr] 
 -0.05022 0.259165 -0.19 0.8467 
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Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F   
Extraction Time 4 4 186.67061 37.4035 <.0001  
Solvent 2 2 59.03251 23.6569 <.0001  
Species 2 2 634.62357 254.3211 <.0001  
Species*Solvent 4 4 210.96911 42.2722 <.0001  
Species*Extraction Time 8 8 37.51794 3.7588 0.0006  
Solvent*Extraction Time 8 8 21.69817 2.1738 0.0338  
 
Effect Details 
Extraction Time 
Least Squares Means Table 
Level Least Sq Mean   Std Error Mean 
01 hr 2.3291189  0.22656401 2.88900 
03 hr 4.1491737  0.24565836 3.35083 
06 hr 5.2080384  0.18876142 4.99974 
12 hr 5.4994888  0.20760537 5.67667 
24 hr 5.4992700  0.20754789 5.42533 
 
Solvent 
Least Squares Means Table 
Level Least Sq Mean   Std Error Mean 
B/E 3.7391927  0.15156419 3.82983 
EtOH 4.5273266  0.17295432 4.89479 
H2O 5.3445345  0.17664325 5.12000 
 
Species 
Least Squares Means Table 
Level Least Sq Mean   Std Error Mean 
Hybrid Poplar 1.7653530  0.16942567 1.88875 
Pine 4.6880863  0.15996359 4.68804 
Switchgrass 7.1576145  0.16976678 6.76648 
 
Species*Solvent 
Least Squares Means Table 
Level Least Sq Mean   Std Error 
Hybrid Poplar,B/E 2.024492  0.27117000 
Hybrid Poplar,EtOH 1.960900  0.33335540 
Hybrid Poplar,H2O 1.310667  0.28840734 
Pine,B/E 4.508259  0.25285877 
Pine,EtOH 5.332667  0.28840734 
Pine,H2O 4.223333  0.28840734 
Switchgrass,B/E 4.684827  0.26144873 
Switchgrass,EtOH 6.288413  0.27037183 
Switchgrass,H2O 10.499603  0.33833114 
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Prediction Profiler 
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Paper Three Output 
Bulk Samples 
Oneway Analysis of T 50 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.288637 
Adj Rsquare -0.18561 
Root Mean Square Error 0.705715 
Mean of Response 98.23667 
Observations (or Sum Wgts) 6 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 0.6062333 0.303117 0.6086 0.6000 
Error 3 1.4941000 0.498033   
C. Total 5 2.1003333    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 98.5300 0.49902 96.942 100.12 
Pine 2 97.7950 0.49902 96.207 99.38 
Switchgrass 2 98.3850 0.49902 96.797 99.97 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
 
Abs(Dif)-LSD Hybrid 
Poplar 
Switchgrass Pine 
Hybrid 
Poplar 
-2.9490 -2.8040 -2.2140 
Switchgrass -2.8040 -2.9490 -2.3590 
Pine -2.2140 -2.3590 -2.9490 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
Hybrid Poplar A 98.530000 
Switchgrass A 98.385000 
Pine A 97.795000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 100 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.6094 
Adj Rsquare 0.349 
Root Mean Square Error 0.712028 
Mean of Response 96.03167 
Observations (or Sum Wgts) 6 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 2.3729333 1.18647 2.3402 0.2441 
Error 3 1.5209500 0.50698   
C. Total 5 3.8938833    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 96.5350 0.50348 94.933 98.137 
Pine 2 95.1450 0.50348 93.543 96.747 
Switchgrass 2 96.4150 0.50348 94.813 98.017 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
 
Abs(Dif)-LSD Hybrid 
Poplar 
Switchgrass Pine 
Hybrid 
Poplar 
-2.9754 -2.8554 -1.5854 
Switchgrass -2.8554 -2.9754 -1.7054 
Pine -1.5854 -1.7054 -2.9754 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
Hybrid Poplar A 96.535000 
Switchgrass A 96.415000 
Pine A 95.145000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 150 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.857615 
Adj Rsquare 0.762692 
Root Mean Square Error 0.384426 
Mean of Response 95.305 
Observations (or Sum Wgts) 6 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 2.6704000 1.33520 9.0348 0.0537 
Error 3 0.4433500 0.14778   
C. Total 5 3.1137500    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 96.2450 0.27183 95.380 97.110 
Pine 2 94.9050 0.27183 94.040 95.770 
Switchgrass 2 94.7650 0.27183 93.900 95.630 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
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Abs(Dif)-LSD Hybrid 
Poplar 
Pine Switchgrass 
Hybrid 
Poplar 
-1.6064 -0.2664 -0.1264 
Pine -0.2664 -1.6064 -1.4664 
Switchgrass -0.1264 -1.4664 -1.6064 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
Hybrid Poplar A 96.245000 
Pine A 94.905000 
Switchgrass A 94.765000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 175 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.870323 
Adj Rsquare 0.783872 
Root Mean Square Error 0.390107 
Mean of Response 95.12833 
Observations (or Sum Wgts) 6 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 3.0641333 1.53207 10.0672 0.0467 
Error 3 0.4565500 0.15218   
C. Total 5 3.5206833    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 96.1250 0.27585 95.247 97.003 
Pine 2 94.7750 0.27585 93.897 95.653 
Switchgrass 2 94.4850 0.27585 93.607 95.363 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
 
Abs(Dif)-LSD Hybrid 
Poplar 
Pine Switchgrass 
Hybrid 
Poplar 
-1.6301 -0.2801 0.0099 
Pine -0.2801 -1.6301 -1.3401 
Switchgrass 0.0099 -1.3401 -1.6301 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
Hybrid Poplar A   96.125000 
Pine A B 94.775000 
Switchgrass   B 94.485000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 200 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.837304 
Adj Rsquare 0.72884 
Root Mean Square Error 0.457256 
Mean of Response 94.755 
Observations (or Sum Wgts) 6 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 3.2281000 1.61405 7.7196 0.0656 
Error 3 0.6272500 0.20908   
C. Total 5 3.8553500    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 95.7600 0.32333 94.731 96.789 
Pine 2 94.4750 0.32333 93.446 95.504 
Switchgrass 2 94.0300 0.32333 93.001 95.059 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
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Abs(Dif)-LSD Hybrid 
Poplar 
Pine Switchgrass 
Hybrid 
Poplar 
-1.9107 -0.6257 -0.1807 
Pine -0.6257 -1.9107 -1.4657 
Switchgrass -0.1807 -1.4657 -1.9107 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
Hybrid Poplar A 95.760000 
Pine A 94.475000 
Switchgrass A 94.030000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 225 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.889558 
Adj Rsquare 0.815931 
Root Mean Square Error 0.482027 
Mean of Response 94.09167 
Observations (or Sum Wgts) 6 
 
 223 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 5.6144333 2.80722 12.0818 0.0367 
Error 3 0.6970500 0.23235   
C. Total 5 6.3114833    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 95.3950 0.34084 94.310 96.480 
Pine 2 93.8000 0.34084 92.715 94.885 
Switchgrass 2 93.0800 0.34084 91.995 94.165 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
 
Abs(Dif)-LSD Hybrid 
Poplar 
Pine Switchgrass 
Hybrid 
Poplar 
-2.0143 -0.4193 0.3007 
Pine -0.4193 -2.0143 -1.2943 
Switchgrass 0.3007 -1.2943 -2.0143 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
Hybrid Poplar A   95.395000 
Pine A B 93.800000 
Switchgrass   B 93.080000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 250 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.90552 
Adj Rsquare 0.842533 
Root Mean Square Error 0.554752 
Mean of Response 92.65833 
Observations (or Sum Wgts) 6 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 8.8486333 4.42432 14.3763 0.0290 
Error 3 0.9232500 0.30775   
C. Total 5 9.7718833    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 94.2100 0.39227 92.962 95.458 
Pine 2 92.5200 0.39227 91.272 93.768 
Switchgrass 2 91.2450 0.39227 89.997 92.493 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
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Abs(Dif)-LSD Hybrid 
Poplar 
Pine Switchgrass 
Hybrid 
Poplar 
-2.3182 -0.6282 0.6468 
Pine -0.6282 -2.3182 -1.0432 
Switchgrass 0.6468 -1.0432 -2.3182 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
Hybrid Poplar A   94.210000 
Pine A B 92.520000 
Switchgrass   B 91.245000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 275 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.843709 
Adj Rsquare 0.739515 
Root Mean Square Error 0.897218 
Mean of Response 89.54667 
Observations (or Sum Wgts) 6 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 13.036933 6.51847 8.0975 0.0618 
Error 3 2.415000 0.80500   
C. Total 5 15.451933    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 90.9500 0.63443 88.931 92.969 
Pine 2 90.1800 0.63443 88.161 92.199 
Switchgrass 2 87.5100 0.63443 85.491 89.529 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
 
Abs(Dif)-LSD Hybrid 
Poplar 
Pine Switchgrass 
Hybrid 
Poplar 
-3.7492 -2.9792 -0.3092 
Pine -2.9792 -3.7492 -1.0792 
Switchgrass -0.3092 -1.0792 -3.7492 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
Hybrid Poplar A 90.950000 
Pine A 90.180000 
Switchgrass A 87.510000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 300 By Species 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.732957 
Adj Rsquare 0.554928 
Root Mean Square Error 2.137857 
Mean of Response 82.65667 
Observations (or Sum Wgts) 6 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Species 2 37.633633 18.8168 4.1171 0.1380 
Error 3 13.711300 4.5704   
C. Total 5 51.344933    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
Hybrid Poplar 2 82.8550 1.5117 78.044 87.666 
Pine 2 85.6200 1.5117 80.809 90.431 
Switchgrass 2 79.4950 1.5117 74.684 84.306 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.17872 0.05 
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Abs(Dif)-LSD Pine Hybrid 
Poplar 
Switchgrass 
Pine -8.9335 -6.1685 -2.8085 
Hybrid 
Poplar 
-6.1685 -8.9335 -5.5735 
Switchgrass -2.8085 -5.5735 -8.9335 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
Pine A 85.620000 
Hybrid Poplar A 82.855000 
Switchgrass A 79.495000 
 
Levels not connected by same letter are significantly different. 
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One Hour Extracted Pine 
Oneway Analysis of T 50 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.654382 
Adj Rsquare 0.395169 
Root Mean Square Error 0.47518 
Mean of Response 98.45838 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 1.7100634 0.570021 2.5245 0.1962 
Error 4 0.9031845 0.225796   
C. Total 7 2.6132479    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 97.7950 0.33600 96.862 98.73 
1S1T1 2 98.4035 0.33600 97.471 99.34 
2S2T1 2 99.0950 0.33600 98.162 100.03 
3S3T1 2 98.5400 0.33600 97.607 99.47 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T1 3S3T1 1S1T1 0Pine 
2S2T1 -1.9344 -1.3794 -1.2429 -0.6344 
3S3T1 -1.3794 -1.9344 -1.7979 -1.1894 
1S1T1 -1.2429 -1.7979 -1.9344 -1.3259 
0Pine -0.6344 -1.1894 -1.3259 -1.9344 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
2S2T1 A 99.095000 
3S3T1 A 98.540000 
1S1T1 A 98.403500 
0Pine A 97.795000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 100 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.695129 
 231 
    
Adj Rsquare 0.466475 
Root Mean Square Error 0.58098 
Mean of Response 95.88375 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 3.0784375 1.02615 3.0401 0.1554 
Error 4 1.3501500 0.33754   
C. Total 7 4.4285875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 95.1450 0.41081 94.004 96.286 
1S1T1 2 95.8750 0.41081 94.734 97.016 
2S2T1 2 96.8550 0.41081 95.714 97.996 
3S3T1 2 95.6600 0.41081 94.519 96.801 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T1 1S1T1 3S3T1 0Pine 
2S2T1 -2.3651 -1.3851 -1.1701 -0.6551 
1S1T1 -1.3851 -2.3651 -2.1501 -1.6351 
3S3T1 -1.1701 -2.1501 -2.3651 -1.8501 
0Pine -0.6551 -1.6351 -1.8501 -2.3651 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
2S2T1 A 96.855000 
1S1T1 A 95.875000 
3S3T1 A 95.660000 
0Pine A 95.145000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 150 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.703561 
Adj Rsquare 0.481231 
Root Mean Square Error 0.583299 
Mean of Response 95.71375 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 3.2300375 1.07668 3.1645 0.1475 
Error 4 1.3609500 0.34024   
C. Total 7 4.5909875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.9050 0.41245 93.760 96.050 
1S1T1 2 95.7500 0.41245 94.605 96.895 
2S2T1 2 96.6750 0.41245 95.530 97.820 
3S3T1 2 95.5250 0.41245 94.380 96.670 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T1 1S1T1 3S3T1 0Pine 
2S2T1 -2.3745 -1.4495 -1.2245 -0.6045 
1S1T1 -1.4495 -2.3745 -2.1495 -1.5295 
3S3T1 -1.2245 -2.1495 -2.3745 -1.7545 
0Pine -0.6045 -1.5295 -1.7545 -2.3745 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
2S2T1 A 96.675000 
1S1T1 A 95.750000 
3S3T1 A 95.525000 
0Pine A 94.905000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.724923 
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Adj Rsquare 0.518615 
Root Mean Square Error 0.583989 
Mean of Response 95.64713 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 3.5950684 1.19836 3.5138 0.1281 
Error 4 1.3641745 0.34104   
C. Total 7 4.9592429    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.7750 0.41294 93.628 95.922 
1S1T1 2 95.7200 0.41294 94.573 96.867 
2S2T1 2 96.6435 0.41294 95.497 97.790 
3S3T1 2 95.4500 0.41294 94.303 96.597 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T1 1S1T1 3S3T1 0Pine 
2S2T1 -2.3773 -1.4538 -1.1838 -0.5088 
1S1T1 -1.4538 -2.3773 -2.1073 -1.4323 
3S3T1 -1.1838 -2.1073 -2.3773 -1.7023 
0Pine -0.5088 -1.4323 -1.7023 -2.3773 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
2S2T1 A 96.643500 
1S1T1 A 95.720000 
3S3T1 A 95.450000 
0Pine A 94.775000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 200 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.764658 
Adj Rsquare 0.588152 
Root Mean Square Error 0.595336 
Mean of Response 95.49 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 4.6063000 1.53543 4.3322 0.0953 
Error 4 1.4177000 0.35442   
C. Total 7 6.0240000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.4750 0.42097 93.306 95.644 
1S1T1 2 95.6550 0.42097 94.486 96.824 
2S2T1 2 96.5800 0.42097 95.411 97.749 
3S3T1 2 95.2500 0.42097 94.081 96.419 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T1 1S1T1 3S3T1 0Pine 
2S2T1 -2.4235 -1.4985 -1.0935 -0.3185 
1S1T1 -1.4985 -2.4235 -2.0185 -1.2435 
3S3T1 -1.0935 -2.0185 -2.4235 -1.6485 
0Pine -0.3185 -1.2435 -1.6485 -2.4235 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
2S2T1 A 96.580000 
1S1T1 A 95.655000 
3S3T1 A 95.250000 
0Pine A 94.475000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 225 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.805739 
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Adj Rsquare 0.660043 
Root Mean Square Error 0.624696 
Mean of Response 95.02675 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 6.4744935 2.15816 5.5303 0.0660 
Error 4 1.5609780 0.39024   
C. Total 7 8.0354715    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 93.8000 0.44173 92.574 95.026 
1S1T1 2 95.3720 0.44173 94.146 96.598 
2S2T1 2 96.2500 0.44173 95.024 97.476 
3S3T1 2 94.6850 0.44173 93.459 95.911 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T1 1S1T1 3S3T1 0Pine 
2S2T1 -2.5431 -1.6651 -0.9781 -0.0931 
1S1T1 -1.6651 -2.5431 -1.8561 -0.9711 
3S3T1 -0.9781 -1.8561 -2.5431 -1.6581 
0Pine -0.0931 -0.9711 -1.6581 -2.5431 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
2S2T1 A 96.250000 
1S1T1 A 95.372000 
3S3T1 A 94.685000 
0Pine A 93.800000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.755503 
Adj Rsquare 0.572131 
Root Mean Square Error 0.76014 
Mean of Response 93.86875 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 7.1418375 2.38061 4.1200 0.1025 
Error 4 2.3112500 0.57781   
C. Total 7 9.4530875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 92.5200 0.53750 91.028 94.012 
1S1T1 2 94.4350 0.53750 92.943 95.927 
2S2T1 2 95.0100 0.53750 93.518 96.502 
3S3T1 2 93.5100 0.53750 92.018 95.002 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T1 1S1T1 3S3T1 0Pine 
2S2T1 -3.0944 -2.5194 -1.5944 -0.6044 
1S1T1 -2.5194 -3.0944 -2.1694 -1.1794 
3S3T1 -1.5944 -2.1694 -3.0944 -2.1044 
0Pine -0.6044 -1.1794 -2.1044 -3.0944 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
2S2T1 A 95.010000 
1S1T1 A 94.435000 
3S3T1 A 93.510000 
0Pine A 92.520000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 275 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.253589 
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Adj Rsquare -0.30622 
Root Mean Square Error 1.42561 
Mean of Response 91.00625 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 2.761937 0.92065 0.4530 0.7293 
Error 4 8.129450 2.03236   
C. Total 7 10.891388    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 90.1800 1.0081 87.381 92.979 
1S1T1 2 91.7350 1.0081 88.936 94.534 
2S2T1 2 91.3400 1.0081 88.541 94.139 
3S3T1 2 90.7700 1.0081 87.971 93.569 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 1S1T1 2S2T1 3S3T1 0Pine 
1S1T1 -5.8035 -5.4085 -4.8385 -4.2485 
2S2T1 -5.4085 -5.8035 -5.2335 -4.6435 
3S3T1 -4.8385 -5.2335 -5.8035 -5.2135 
0Pine -4.2485 -4.6435 -5.2135 -5.8035 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
1S1T1 A 91.735000 
2S2T1 A 91.340000 
3S3T1 A 90.770000 
0Pine A 90.180000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 300 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.222873 
Adj Rsquare -0.35997 
Root Mean Square Error 2.994088 
Mean of Response 84.65125 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 10.283838 3.42795 0.3824 0.7721 
Error 4 35.858250 8.96456   
C. Total 7 46.142088    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 85.6200 2.1171 79.742 91.498 
1S1T1 2 85.2050 2.1171 79.327 91.083 
2S2T1 2 82.7200 2.1171 76.842 88.598 
3S3T1 2 85.0600 2.1171 79.182 90.938 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 0Pine 1S1T1 3S3T1 2S2T1 
0Pine -12.189 -11.774 -11.629 -9.289 
1S1T1 -11.774 -12.189 -12.044 -9.704 
3S3T1 -11.629 -12.044 -12.189 -9.849 
2S2T1 -9.289 -9.704 -9.849 -12.189 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
0Pine A 85.620000 
1S1T1 A 85.205000 
3S3T1 A 85.060000 
2S2T1 A 82.720000 
 
Levels not connected by same letter are significantly different. 
 243 
Twelve Hour Extracted Pine 
Oneway Analysis of T 50 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.891985 
Adj Rsquare 0.810974 
Root Mean Square Error 0.267161 
Mean of Response 98.6475 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 2.3576500 0.785883 11.0106 0.0211 
Error 4 0.2855000 0.071375   
C. Total 7 2.6431500    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 97.7950 0.18891 97.270 98.320 
1S1T4 2 99.1950 0.18891 98.670 99.720 
2S2T4 2 99.0300 0.18891 98.505 99.555 
3S3T4 2 98.5700 0.18891 98.045 99.095 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 1S1T4 2S2T4 3S3T4 0Pine 
1S1T4 -1.0876 -0.9226 -0.4626 0.3124 
2S2T4 -0.9226 -1.0876 -0.6276 0.1474 
3S3T4 -0.4626 -0.6276 -1.0876 -0.3126 
0Pine 0.3124 0.1474 -0.3126 -1.0876 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
1S1T4 A   99.195000 
2S2T4 A   99.030000 
3S3T4 A B 98.570000 
0Pine   B 97.795000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 100 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.927942 
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Adj Rsquare 0.873899 
Root Mean Square Error 0.32039 
Mean of Response 96.415 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 5.2876000 1.76253 17.1703 0.0095 
Error 4 0.4106000 0.10265   
C. Total 7 5.6982000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 95.1450 0.22655 94.516 95.774 
1S1T4 2 97.1150 0.22655 96.486 97.744 
2S2T4 2 97.1350 0.22655 96.506 97.764 
3S3T4 2 96.2650 0.22655 95.636 96.894 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T4 1S1T4 3S3T4 0Pine 
2S2T4 -1.3043 -1.2843 -0.4343 0.6857 
1S1T4 -1.2843 -1.3043 -0.4543 0.6657 
3S3T4 -0.4343 -0.4543 -1.3043 -0.1843 
0Pine 0.6857 0.6657 -0.1843 -1.3043 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
2S2T4 A   97.135000 
1S1T4 A   97.115000 
3S3T4 A B 96.265000 
0Pine   B 95.145000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 150 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.938151 
Adj Rsquare 0.891763 
Root Mean Square Error 0.311669 
Mean of Response 96.25375 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 5.8936375 1.96455 20.2244 0.0070 
Error 4 0.3885500 0.09714   
C. Total 7 6.2821875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.9050 0.22038 94.293 95.517 
1S1T4 2 96.9650 0.22038 96.353 97.577 
2S2T4 2 97.0300 0.22038 96.418 97.642 
3S3T4 2 96.1150 0.22038 95.503 96.727 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T4 1S1T4 3S3T4 0Pine 
2S2T4 -1.2688 -1.2038 -0.3538 0.8562 
1S1T4 -1.2038 -1.2688 -0.4188 0.7912 
3S3T4 -0.3538 -0.4188 -1.2688 -0.0588 
0Pine 0.8562 0.7912 -0.0588 -1.2688 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
2S2T4 A   97.030000 
1S1T4 A   96.965000 
3S3T4 A B 96.115000 
0Pine   B 94.905000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.941323 
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Adj Rsquare 0.897315 
Root Mean Square Error 0.316682 
Mean of Response 96.18625 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 6.4354375 2.14515 21.3900 0.0063 
Error 4 0.4011500 0.10029   
C. Total 7 6.8365875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.7750 0.22393 94.153 95.397 
1S1T4 2 96.9400 0.22393 96.318 97.562 
2S2T4 2 96.9850 0.22393 96.363 97.607 
3S3T4 2 96.0450 0.22393 95.423 96.667 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T4 1S1T4 3S3T4 0Pine 
2S2T4 -1.2892 -1.2442 -0.3492 0.9208 
1S1T4 -1.2442 -1.2892 -0.3942 0.8758 
3S3T4 -0.3492 -0.3942 -1.2892 -0.0192 
0Pine 0.9208 0.8758 -0.0192 -1.2892 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
2S2T4 A   96.985000 
1S1T4 A   96.940000 
3S3T4 A B 96.045000 
0Pine   B 94.775000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 200 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.951814 
Adj Rsquare 0.915675 
Root Mean Square Error 0.316366 
Mean of Response 96.03875 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 7.9081375 2.63605 26.3374 0.0043 
Error 4 0.4003500 0.10009   
C. Total 7 8.3084875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.4750 0.22370 93.854 95.096 
1S1T4 2 96.8950 0.22370 96.274 97.516 
2S2T4 2 96.9050 0.22370 96.284 97.526 
3S3T4 2 95.8800 0.22370 95.259 96.501 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 2S2T4 1S1T4 3S3T4 0Pine 
2S2T4 -1.2879 -1.2779 -0.2629 1.1421 
1S1T4 -1.2779 -1.2879 -0.2729 1.1321 
3S3T4 -0.2629 -0.2729 -1.2879 0.1171 
0Pine 1.1421 1.1321 0.1171 -1.2879 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
2S2T4 A   96.905000 
1S1T4 A   96.895000 
3S3T4 A   95.880000 
0Pine   B 94.475000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 225 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.959303 
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Adj Rsquare 0.92878 
Root Mean Square Error 0.32152 
Mean of Response 95.5375 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 9.746850 3.24895 31.4288 0.0031 
Error 4 0.413500 0.10338   
C. Total 7 10.160350    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 93.8000 0.22735 93.169 94.431 
1S1T4 2 96.5950 0.22735 95.964 97.226 
2S2T4 2 96.3800 0.22735 95.749 97.011 
3S3T4 2 95.3750 0.22735 94.744 96.006 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 1S1T4 2S2T4 3S3T4 0Pine 
1S1T4 -1.3089 -1.0939 -0.0889 1.4861 
2S2T4 -1.0939 -1.3089 -0.3039 1.2711 
3S3T4 -0.0889 -0.3039 -1.3089 0.2661 
0Pine 1.4861 1.2711 0.2661 -1.3089 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
1S1T4 A   96.595000 
2S2T4 A   96.380000 
3S3T4 A   95.375000 
0Pine   B 93.800000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.934468 
Adj Rsquare 0.885319 
Root Mean Square Error 0.415181 
Mean of Response 94.3 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 9.832100 3.27737 19.0130 0.0079 
Error 4 0.689500 0.17238   
C. Total 7 10.521600    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 92.5200 0.29358 91.705 93.335 
1S1T4 2 95.4950 0.29358 94.680 96.310 
2S2T4 2 94.8650 0.29358 94.050 95.680 
3S3T4 2 94.3200 0.29358 93.505 95.135 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 1S1T4 2S2T4 3S3T4 0Pine 
1S1T4 -1.6901 -1.0601 -0.5151 1.2849 
2S2T4 -1.0601 -1.6901 -1.1451 0.6549 
3S3T4 -0.5151 -1.1451 -1.6901 0.1099 
0Pine 1.2849 0.6549 0.1099 -1.6901 
 
Positive values show pairs of means that are significantly different. 
 
 
Level   Mean 
1S1T4 A   95.495000 
2S2T4 A   94.865000 
3S3T4 A   94.320000 
0Pine   B 92.520000 
 
Levels not connected by same letter are significantly different. 
 
Oneway Analysis of T 275 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.612733 
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Adj Rsquare 0.322282 
Root Mean Square Error 0.869835 
Mean of Response 91.25875 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 4.7884375 1.59615 2.1096 0.2418 
Error 4 3.0264500 0.75661   
C. Total 7 7.8148875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 90.1800 0.61507 88.472 91.888 
1S1T4 2 92.1500 0.61507 90.442 93.858 
2S2T4 2 90.8950 0.61507 89.187 92.603 
3S3T4 2 91.8100 0.61507 90.102 93.518 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 1S1T4 3S3T4 2S2T4 0Pine 
1S1T4 -3.5410 -3.2010 -2.2860 -1.5710 
3S3T4 -3.2010 -3.5410 -2.6260 -1.9110 
2S2T4 -2.2860 -2.6260 -3.5410 -2.8260 
0Pine -1.5710 -1.9110 -2.8260 -3.5410 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
1S1T4 A 92.150000 
3S3T4 A 91.810000 
2S2T4 A 90.895000 
0Pine A 90.180000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 300 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.522556 
Adj Rsquare 0.164472 
Root Mean Square Error 2.001809 
Mean of Response 84.57375 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 17.543437 5.84781 1.4593 0.3517 
Error 4 16.028950 4.00724   
C. Total 7 33.572387    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 85.6200 1.4155 81.690 89.550 
1S1T4 2 84.0350 1.4155 80.105 87.965 
2S2T4 2 82.4150 1.4155 78.485 86.345 
3S3T4 2 86.2250 1.4155 82.295 90.155 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
Abs(Dif)-LSD 3S3T4 0Pine 1S1T4 2S2T4 
3S3T4 -8.1491 -7.5441 -5.9591 -4.3391 
0Pine -7.5441 -8.1491 -6.5641 -4.9441 
1S1T4 -5.9591 -6.5641 -8.1491 -6.5291 
2S2T4 -4.3391 -4.9441 -6.5291 -8.1491 
 
Positive values show pairs of means that are significantly different. 
 
 
Level  Mean 
3S3T4 A 86.225000 
0Pine A 85.620000 
1S1T4 A 84.035000 
2S2T4 A 82.415000 
 
Levels not connected by same letter are significantly different. 
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Benzene/Ethanol Extracted Pine 
Oneway Analysis of T 50 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.878997 
Adj Rsquare 0.778161 
Root Mean Square Error 0.280986 
Mean of Response 98.81367 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 3.4412177 0.688244 8.7171 0.0101 
Error 6 0.4737190 0.078953   
C. Total 11 3.9149367    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 97.7950 0.19869 97.309 98.281 
1S1T1 2 98.4035 0.19869 97.917 98.890 
2S1T2 2 99.1935 0.19869 98.707 99.680 
3S1T3 2 99.1800 0.19869 98.694 99.666 
4S1T4 2 99.1950 0.19869 98.709 99.681 
5S1T5 2 99.1150 0.19869 98.629 99.601 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
4S1T4 A   99.195000 
2S1T2 A   99.193500 
3S1T3 A   99.180000 
5S1T5 A   99.115000 
1S1T1 A B 98.403500 
0Pine   B 97.795000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 100 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.865359 
Adj Rsquare 0.753159 
Root Mean Square Error 0.431335 
Mean of Response 96.56167 
Observations (or Sum Wgts) 12 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 7.1746667 1.43493 7.7126 0.0137 
Error 6 1.1163000 0.18605   
C. Total 11 8.2909667    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 95.1450 0.30500 94.399 95.891 
1S1T1 2 95.8750 0.30500 95.129 96.621 
2S1T2 2 97.0850 0.30500 96.339 97.831 
3S1T3 2 97.0450 0.30500 96.299 97.791 
4S1T4 2 97.1150 0.30500 96.369 97.861 
5S1T5 2 97.1050 0.30500 96.359 97.851 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
4S1T4 A   97.115000 
5S1T5 A   97.105000 
2S1T2 A   97.085000 
3S1T3 A   97.045000 
1S1T1 A B 95.875000 
0Pine   B 95.145000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 150 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.872572 
Adj Rsquare 0.766382 
Root Mean Square Error 0.431036 
Mean of Response 96.40083 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 7.6333417 1.52667 8.2171 0.0117 
Error 6 1.1147500 0.18579   
C. Total 11 8.7480917    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.9050 0.30479 94.159 95.651 
1S1T1 2 95.7500 0.30479 95.004 96.496 
2S1T2 2 96.9350 0.30479 96.189 97.681 
3S1T3 2 96.8900 0.30479 96.144 97.636 
4S1T4 2 96.9650 0.30479 96.219 97.711 
5S1T5 2 96.9600 0.30479 96.214 97.706 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
4S1T4 A   96.965000 
5S1T5 A   96.960000 
2S1T2 A   96.935000 
3S1T3 A   96.890000 
1S1T1 A B 95.750000 
0Pine   B 94.905000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.881938 
Adj Rsquare 0.783552 
Root Mean Square Error 0.42906 
Mean of Response 96.35392 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
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Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 8.2511304 1.65023 8.9641 0.0094 
Error 6 1.1045545 0.18409   
C. Total 11 9.3556849    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.7750 0.30339 94.033 95.517 
1S1T1 2 95.7200 0.30339 94.978 96.462 
2S1T2 2 96.9100 0.30339 96.168 97.652 
3S1T3 2 96.8400 0.30339 96.098 97.582 
4S1T4 2 96.9400 0.30339 96.198 97.682 
5S1T5 2 96.9385 0.30339 96.196 97.681 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
4S1T4 A   96.940000 
5S1T5 A   96.938500 
2S1T2 A   96.910000 
3S1T3 A   96.840000 
1S1T1 A B 95.720000 
0Pine   B 94.775000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 200 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.900911 
Adj Rsquare 0.818338 
Root Mean Square Error 0.427573 
Mean of Response 96.25958 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 9.973110 1.99462 10.9104 0.0057 
Error 6 1.096912 0.18282   
C. Total 11 11.070023    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.4750 0.30234 93.735 95.215 
1S1T1 2 95.6550 0.30234 94.915 96.395 
2S1T2 2 96.8700 0.30234 96.130 97.610 
3S1T3 2 96.7750 0.30234 96.035 97.515 
4S1T4 2 96.8950 0.30234 96.155 97.635 
5S1T5 2 96.8875 0.30234 96.148 97.627 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
4S1T4 A   96.895000 
5S1T5 A   96.887500 
2S1T2 A   96.870000 
3S1T3 A   96.775000 
1S1T1 A B 95.655000 
0Pine   B 94.475000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 225 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.931463 
Adj Rsquare 0.874349 
Root Mean Square Error 0.390988 
Mean of Response 95.87033 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
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Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 12.465707 2.49314 16.3088 0.0020 
Error 6 0.917228 0.15287   
C. Total 11 13.382935    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 93.8000 0.27647 93.124 94.476 
1S1T1 2 95.3720 0.27647 94.696 96.048 
2S1T2 2 96.5900 0.27647 95.914 97.266 
3S1T3 2 96.3250 0.27647 95.649 97.001 
4S1T4 2 96.5950 0.27647 95.919 97.271 
5S1T5 2 96.5400 0.27647 95.864 97.216 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
4S1T4 A   96.595000 
2S1T2 A   96.590000 
5S1T5 A   96.540000 
3S1T3 A   96.325000 
1S1T1 A   95.372000 
0Pine   B 93.800000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.948697 
Adj Rsquare 0.905945 
Root Mean Square Error 0.344855 
Mean of Response 94.7025 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 13.195075 2.63901 22.1906 0.0008 
Error 6 0.713550 0.11893   
C. Total 11 13.908625    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 92.5200 0.24385 91.923 93.117 
1S1T1 2 94.4350 0.24385 93.838 95.032 
2S1T2 2 95.5350 0.24385 94.938 96.132 
3S1T3 2 94.8900 0.24385 94.293 95.487 
4S1T4 2 95.4950 0.24385 94.898 96.092 
5S1T5 2 95.3400 0.24385 94.743 95.937 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
2S1T2 A   95.535000 
4S1T4 A   95.495000 
5S1T5 A   95.340000 
3S1T3 A   94.890000 
1S1T1 A   94.435000 
0Pine   B 92.520000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 275 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.736685 
Adj Rsquare 0.517257 
Root Mean Square Error 0.631612 
Mean of Response 91.52667 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
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Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 6.6966667 1.33933 3.3573 0.0863 
Error 6 2.3936000 0.39893   
C. Total 11 9.0902667    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 90.1800 0.44662 89.087 91.273 
1S1T1 2 91.7350 0.44662 90.642 92.828 
2S1T2 2 92.3450 0.44662 91.252 93.438 
3S1T3 2 90.9350 0.44662 89.842 92.028 
4S1T4 2 92.1500 0.44662 91.057 93.243 
5S1T5 2 91.8150 0.44662 90.722 92.908 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level  Mean 
2S1T2 A 92.345000 
4S1T4 A 92.150000 
5S1T5 A 91.815000 
1S1T1 A 91.735000 
3S1T3 A 90.935000 
0Pine A 90.180000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 300 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.527303 
Adj Rsquare 0.13339 
Root Mean Square Error 1.634207 
Mean of Response 84.185 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 17.874900 3.57498 1.3386 0.3621 
Error 6 16.023800 2.67063   
C. Total 11 33.898700    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 85.6200 1.1556 82.792 88.448 
1S1T1 2 85.2050 1.1556 82.377 88.033 
2S1T2 2 84.6950 1.1556 81.867 87.523 
3S1T3 2 81.8850 1.1556 79.057 84.713 
4S1T4 2 84.0350 1.1556 81.207 86.863 
5S1T5 2 83.6700 1.1556 80.842 86.498 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level  Mean 
0Pine A 85.620000 
1S1T1 A 85.205000 
2S1T2 A 84.695000 
4S1T4 A 84.035000 
5S1T5 A 83.670000 
3S1T3 A 81.885000 
 
Levels not connected by same letter are significantly different. 
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Hot Water Extracted Pine 
Oneway Analysis of T 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.912612 
Adj Rsquare 0.839789 
Root Mean Square Error 0.375622 
Mean of Response 96.12083 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 8.8407417 1.76815 12.5319 0.0040 
Error 6 0.8465500 0.14109   
C. Total 11 9.6872917    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.7750 0.26560 94.125 95.425 
1S3T1 P 2 95.4500 0.26560 94.800 96.100 
2S3T2 P 2 96.5750 0.26560 95.925 97.225 
3S3T3 P 2 96.3900 0.26560 95.740 97.040 
4S3T4 P 2 96.0450 0.26560 95.395 96.695 
5S3T5 P 2 97.4900 0.26560 96.840 98.140 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level    Mean 
5S3T5 P A     97.490000 
2S3T2 P A B   96.575000 
3S3T3 P A B   96.390000 
4S3T4 P A B C 96.045000 
1S3T1 P   B C 95.450000 
0Pine     C 94.775000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 200 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.916575 
Adj Rsquare 0.847055 
Root Mean Square Error 0.384209 
Mean of Response 95.92167 
Observations (or Sum Wgts) 12 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 9.731067 1.94621 13.1842 0.0035 
Error 6 0.885700 0.14762   
C. Total 11 10.616767    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 94.4750 0.27168 93.810 95.140 
1S3T1 P 2 95.2500 0.27168 94.585 95.915 
2S3T2 P 2 96.3650 0.27168 95.700 97.030 
3S3T3 P 2 96.2100 0.27168 95.545 96.875 
4S3T4 P 2 95.8800 0.27168 95.215 96.545 
5S3T5 P 2 97.3500 0.27168 96.685 98.015 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level    Mean 
5S3T5 P A     97.350000 
2S3T2 P A B   96.365000 
3S3T3 P A B   96.210000 
4S3T4 P A B C 95.880000 
1S3T1 P   B C 95.250000 
0Pine     C 94.475000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 225 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.864443 
Adj Rsquare 0.751478 
Root Mean Square Error 0.502353 
Mean of Response 95.2775 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 9.655675 1.93113 7.6524 0.0139 
Error 6 1.514150 0.25236   
C. Total 11 11.169825    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 93.8000 0.35522 92.931 94.669 
1S3T1 P 2 94.6850 0.35522 93.816 95.554 
2S3T2 P 2 95.4450 0.35522 94.576 96.314 
3S3T3 P 2 95.6200 0.35522 94.751 96.489 
4S3T4 P 2 95.3750 0.35522 94.506 96.244 
5S3T5 P 2 96.7400 0.35522 95.871 97.609 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
5S3T5 P A   96.740000 
3S3T3 P A B 95.620000 
2S3T2 P A B 95.445000 
4S3T4 P A B 95.375000 
1S3T1 P   B 94.685000 
0Pine   B 93.800000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.720936 
Adj Rsquare 0.488383 
Root Mean Square Error 0.782869 
Mean of Response 94.02667 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
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Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 9.499967 1.89999 3.1001 0.1005 
Error 6 3.677300 0.61288   
C. Total 11 13.177267    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Pine 2 92.5200 0.55357 91.165 93.875 
1S3T1 P 2 93.5100 0.55357 92.155 94.865 
2S3T2 P 2 93.9150 0.55357 92.560 95.270 
3S3T3 P 2 94.4900 0.55357 93.135 95.845 
4S3T4 P 2 94.3200 0.55357 92.965 95.675 
5S3T5 P 2 95.4050 0.55357 94.050 96.760 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level  Mean 
5S3T5 P A 95.405000 
3S3T3 P A 94.490000 
4S3T4 P A 94.320000 
2S3T2 P A 93.915000 
1S3T1 P A 93.510000 
0Pine A 92.520000 
 
Levels not connected by same letter are significantly different. 
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Three Hour Extracted Hybrid Poplar 
Oneway Analysis of T 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.762002 
Adj Rsquare 0.583504 
Root Mean Square Error 0.510625 
Mean of Response 96.66625 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 3.3392375 1.11308 4.2690 0.0974 
Error 4 1.0429500 0.26074   
C. Total 7 4.3821875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Hybrid Poplar 2 96.1250 0.36107 95.123 97.127 
1S1T2 HP 2 97.5650 0.36107 96.563 98.567 
2S2T2 HP 2 95.9850 0.36107 94.983 96.987 
3S3T2 HP 2 96.9900 0.36107 95.988 97.992 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
1S1T2 HP A 97.565000 
3S3T2 HP A 96.990000 
0Hybrid Poplar A 96.125000 
2S2T2 HP A 95.985000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 200 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.745647 
Adj Rsquare 0.554883 
Root Mean Square Error 0.514223 
Mean of Response 96.44 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 3.1007000 1.03357 3.9087 0.1105 
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Source DF Sum of Squares Mean Square F Ratio Prob > F 
Error 4 1.0577000 0.26442   
C. Total 7 4.1584000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Hybrid Poplar 2 95.7600 0.36361 94.750 96.770 
1S1T2 HP 2 97.1950 0.36361 96.185 98.205 
2S2T2 HP 2 95.8950 0.36361 94.885 96.905 
3S3T2 HP 2 96.9100 0.36361 95.900 97.920 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
1S1T2 HP A 97.195000 
3S3T2 HP A 96.910000 
2S2T2 HP A 95.895000 
0Hybrid Poplar A 95.760000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 225 By Sample 
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Oneway Anova 
Summary of Fit 
    
Rsquare 0.683066 
Adj Rsquare 0.445366 
Root Mean Square Error 0.561162 
Mean of Response 96.00738 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 2.7147554 0.904918 2.8736 0.1671 
Error 4 1.2596105 0.314903   
C. Total 7 3.9743659    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Hybrid Poplar 2 95.3950 0.39680 94.293 96.497 
1S1T2 HP 2 96.7100 0.39680 95.608 97.812 
2S2T2 HP 2 95.4700 0.39680 94.368 96.572 
3S3T2 HP 2 96.4545 0.39680 95.353 97.556 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
1S1T2 HP A 96.710000 
3S3T2 HP A 96.454500 
2S2T2 HP A 95.470000 
0Hybrid Poplar A 95.395000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.231523 
Adj Rsquare -0.34484 
Root Mean Square Error 0.810632 
Mean of Response 94.23 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 0.7919000 0.263967 0.4017 0.7602 
Error 4 2.6285000 0.657125   
C. Total 7 3.4204000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Hybrid Poplar 2 94.2100 0.57320 92.619 95.801 
1S1T2 HP 2 94.1450 0.57320 92.554 95.736 
2S2T2 HP 2 93.8450 0.57320 92.254 95.436 
3S3T2 HP 2 94.7200 0.57320 93.129 96.311 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
3S3T2 HP A 94.720000 
0Hybrid Poplar A 94.210000 
1S1T2 HP A 94.145000 
2S2T2 HP A 93.845000 
 
Levels not connected by same letter are significantly different. 
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Twelve Hour Extracted Hybrid Poplar 
Oneway Analysis of T 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.743376 
Adj Rsquare 0.550907 
Root Mean Square Error 0.274021 
Mean of Response 96.66375 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 0.8700375 0.290012 3.8623 0.1123 
Error 4 0.3003500 0.075088   
C. Total 7 1.1703875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Hybrid Poplar 2 96.1250 0.19376 95.587 96.663 
1S1T4 HP 2 96.6750 0.19376 96.137 97.213 
2S2T4 HP 2 96.9800 0.19376 96.442 97.518 
3S3T4 HP 2 96.8750 0.19376 96.337 97.413 
 
Std Error uses a pooled estimate of error variance 
 
 284 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
2S2T4 HP A 96.980000 
3S3T4 HP A 96.875000 
1S1T4 HP A 96.675000 
0Hybrid Poplar A 96.125000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 200 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.761121 
Adj Rsquare 0.581962 
Root Mean Square Error 0.349142 
Mean of Response 96.5 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 1.5536000 0.517867 4.2483 0.0981 
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Source DF Sum of Squares Mean Square F Ratio Prob > F 
Error 4 0.4876000 0.121900   
C. Total 7 2.0412000    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Hybrid Poplar 2 95.7600 0.24688 95.075 96.445 
1S1T4 HP 2 96.5800 0.24688 95.895 97.265 
2S2T4 HP 2 96.8800 0.24688 96.195 97.565 
3S3T4 HP 2 96.7800 0.24688 96.095 97.465 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
2S2T4 HP A 96.880000 
3S3T4 HP A 96.780000 
1S1T4 HP A 96.580000 
0Hybrid Poplar A 95.760000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 225 By Sample 
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Oneway Anova 
Summary of Fit 
    
Rsquare 0.706445 
Adj Rsquare 0.48628 
Root Mean Square Error 0.384374 
Mean of Response 96.07838 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 1.4221934 0.474064 3.2087 0.1448 
Error 4 0.5909745 0.147744   
C. Total 7 2.0131679    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Hybrid Poplar 2 95.3950 0.27179 94.640 96.150 
1S1T4 HP 2 96.0900 0.27179 95.335 96.845 
2S2T4 HP 2 96.5100 0.27179 95.755 97.265 
3S3T4 HP 2 96.3185 0.27179 95.564 97.073 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
2S2T4 HP A 96.510000 
3S3T4 HP A 96.318500 
1S1T4 HP A 96.090000 
0Hybrid Poplar A 95.395000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.114848 
Adj Rsquare -0.54902 
Root Mean Square Error 0.702237 
Mean of Response 94.46125 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 0.2559375 0.085313 0.1730 0.9094 
Error 4 1.9725500 0.493138   
C. Total 7 2.2284875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Hybrid Poplar 2 94.2100 0.49656 92.831 95.589 
1S1T4 HP 2 94.3750 0.49656 92.996 95.754 
2S2T4 HP 2 94.6450 0.49656 93.266 96.024 
3S3T4 HP 2 94.6150 0.49656 93.236 95.994 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
2S2T4 HP A 94.645000 
3S3T4 HP A 94.615000 
1S1T4 HP A 94.375000 
0Hybrid Poplar A 94.210000 
 
Levels not connected by same letter are significantly different. 
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Six Hour Extracted Switchgrass 
Oneway Analysis of T 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.59976 
Adj Rsquare 0.29958 
Root Mean Square Error 0.912271 
Mean of Response 96.03625 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 4.9884375 1.66281 1.9980 0.2567 
Error 4 3.3289500 0.83224   
C. Total 7 8.3173875    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Switchgrass 2 96.1250 0.64507 94.334 97.916 
1S1T3 SG 2 96.9200 0.64507 95.129 98.711 
1S2T3 SG 2 94.7650 0.64507 92.974 96.556 
1S3T3 SG 2 96.3350 0.64507 94.544 98.126 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
1S1T3 SG A 96.920000 
1S3T3 SG A 96.335000 
0Switchgrass A 96.125000 
1S2T3 SG A 94.765000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 200 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.585428 
Adj Rsquare 0.274499 
Root Mean Square Error 0.935321 
Mean of Response 95.7975 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 4.9414500 1.64715 1.8828 0.2735 
Error 4 3.4993000 0.87482   
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Source DF Sum of Squares Mean Square F Ratio Prob > F 
C. Total 7 8.4407500    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Switchgrass 2 95.7600 0.66137 93.924 97.596 
1S1T3 SG 2 96.7150 0.66137 94.879 98.551 
1S2T3 SG 2 94.5700 0.66137 92.734 96.406 
1S3T3 SG 2 96.1450 0.66137 94.309 97.981 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
1S1T3 SG A 96.715000 
1S3T3 SG A 96.145000 
0Switchgrass A 95.760000 
1S2T3 SG A 94.570000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 225 By Sample 
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Oneway Anova 
Summary of Fit 
    
Rsquare 0.459611 
Adj Rsquare 0.054318 
Root Mean Square Error 0.931637 
Mean of Response 95.02663 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 2.9528174 0.984272 1.1340 0.4358 
Error 4 3.4717905 0.867948   
C. Total 7 6.4246079    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Switchgrass 2 95.3950 0.65877 93.566 97.224 
1S1T3 SG 2 95.3420 0.65877 93.513 97.171 
1S2T3 SG 2 93.9750 0.65877 92.146 95.804 
1S3T3 SG 2 95.3945 0.65877 93.565 97.224 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
0Switchgrass A 95.395000 
1S3T3 SG A 95.394500 
1S1T3 SG A 95.342000 
1S2T3 SG A 93.975000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.687953 
Adj Rsquare 0.453917 
Root Mean Square Error 0.918036 
Mean of Response 92.87975 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 3 7.432202 2.47740 2.9395 0.1623 
Error 4 3.371162 0.84279   
C. Total 7 10.803364    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Switchgrass 2 94.2100 0.64915 92.408 96.012 
1S1T3 SG 2 91.9040 0.64915 90.102 93.706 
1S2T3 SG 2 92.0200 0.64915 90.218 93.822 
1S3T3 SG 2 93.3850 0.64915 91.583 95.187 
 
Std Error uses a pooled estimate of error variance 
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Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
4.07087 0.05 
 
 
Level  Mean 
0Switchgrass A 94.210000 
1S3T3 SG A 93.385000 
1S2T3 SG A 92.020000 
1S1T3 SG A 91.904000 
 
Levels not connected by same letter are significantly different. 
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Ethanol Extracted Switchgrass 
Oneway Analysis of T 175 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.882342 
Adj Rsquare 0.784294 
Root Mean Square Error 0.550733 
Mean of Response 93.98575 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 13.647424 2.72948 8.9991 0.0093 
Error 6 1.819840 0.30331   
C. Total 11 15.467264    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Switchgrass 2 96.1250 0.38943 95.172 97.078 
1S2T1 SG 2 93.7600 0.38943 92.807 94.713 
2S2T2 SG 2 93.7600 0.38943 92.807 94.713 
3S2T3 SG 2 94.2650 0.38943 93.312 95.218 
4S2T4 SG 2 93.2600 0.38943 92.307 94.213 
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Level Number Mean Std Error Lower 95% Upper 95% 
5S2T5 SG 2 92.7445 0.38943 91.792 93.697 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
0Switchgrass A   96.125000 
3S2T3 SG A B 94.265000 
1S2T1 SG   B 93.760000 
2S2T2 SG   B 93.760000 
4S2T4 SG   B 93.260000 
5S2T5 SG   B 92.744500 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 200 By Sample 
 
 
Oneway Anova 
Summary of Fit 
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Rsquare 0.860814 
Adj Rsquare 0.744825 
Root Mean Square Error 0.564484 
Mean of Response 93.79083 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 11.824042 2.36481 7.4215 0.0150 
Error 6 1.911850 0.31864   
C. Total 11 13.735892    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Switchgrass 2 95.7600 0.39915 94.783 96.737 
1S2T1 SG 2 93.5700 0.39915 92.593 94.547 
2S2T2 SG 2 93.6150 0.39915 92.638 94.592 
3S2T3 SG 2 94.0700 0.39915 93.093 95.047 
4S2T4 SG 2 93.1500 0.39915 92.173 94.127 
5S2T5 SG 2 92.5800 0.39915 91.603 93.557 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
0Switchgrass A   95.760000 
3S2T3 SG A B 94.070000 
2S2T2 SG A B 93.615000 
1S2T1 SG A B 93.570000 
4S2T4 SG   B 93.150000 
5S2T5 SG   B 92.580000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of T 225 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.79211 
Adj Rsquare 0.618868 
Root Mean Square Error 0.771778 
Mean of Response 93.2575 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 13.617175 2.72343 4.5723 0.0458 
Error 6 3.573850 0.59564   
C. Total 11 17.191025    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Switchgrass 2 95.3950 0.54573 94.060 96.730 
1S2T1 SG 2 93.0100 0.54573 91.675 94.345 
2S2T2 SG 2 93.1650 0.54573 91.830 94.500 
3S2T3 SG 2 93.4750 0.54573 92.140 94.810 
4S2T4 SG 2 92.4650 0.54573 91.130 93.800 
5S2T5 SG 2 92.0350 0.54573 90.700 93.370 
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Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
0Switchgrass A   95.395000 
3S2T3 SG A B 93.475000 
2S2T2 SG A B 93.165000 
1S2T1 SG A B 93.010000 
4S2T4 SG A B 92.465000 
5S2T5 SG   B 92.035000 
 
Levels not connected by same letter are significantly different. 
Oneway Analysis of T 250 By Sample 
 
 
Oneway Anova 
Summary of Fit 
    
Rsquare 0.823078 
Adj Rsquare 0.675644 
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Root Mean Square Error 0.892408 
Mean of Response 91.53583 
Observations (or Sum Wgts) 12 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 
Sample 5 22.229942 4.44599 5.5827 0.0294 
Error 6 4.778350 0.79639   
C. Total 11 27.008292    
 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 
0Switchgrass 2 94.2100 0.63103 92.666 95.754 
1S2T1 SG 2 91.3750 0.63103 89.831 92.919 
2S2T2 SG 2 91.7300 0.63103 90.186 93.274 
3S2T3 SG 2 91.0200 0.63103 89.476 92.564 
4S2T4 SG 2 91.2250 0.63103 89.681 92.769 
5S2T5 SG 2 89.6550 0.63103 88.111 91.199 
 
Std Error uses a pooled estimate of error variance 
 
Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
q* Alpha 
3.97999 0.05 
 
 
Level   Mean 
0Switchgrass A   94.210000 
2S2T2 SG A B 91.730000 
1S2T1 SG A B 91.375000 
4S2T4 SG A B 91.225000 
3S2T3 SG A B 91.020000 
5S2T5 SG   B 89.655000 
 
Levels not connected by same letter are significantly different. 
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